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Le changement climatique entraîne des variations dans les conditions 
environnementales, notamment sur le plan de la température et du couvert de glace dans les 
régions de hautes latitudes telles que l’Arctique canadien. Les modèles prédictifs et les 
évaluations de risques représentent des outils essentiels pour comprendre les changements 
en cours et prévus et leurs impacts sur les régions côtières. Il est primordial de prévoir 
comment l'introduction de nouvelles espèces va interagir avec des moteurs de perturbations 
tels que le changement climatique, l'activité de navigation et l'augmentation de 
l'exploitation des ressources, car ces espèces peuvent engendrer un coût économique et 
écologique élevé. Pour toutes ces raisons, il est important d'évaluer les risques actuels et 
futurs associés aux espèces nouvellement introduites dans une région comme l'Arctique 
canadien. L'objectif principal de la présente thèse est de caractériser la biodiversité indigène 
et non indigène des invertébrés benthiques dans des ports de l'Arctique canadien, où le 
risque d'introduction est le plus élevé, et d'évaluer le risque global lié à d'éventuelles 
espèces aquatiques envahissantes dans un scénario de réchauffement global et de 
navigation accrue. 
Le chapitre 1 fait état de la collecte, de la compilation et de la comparaison 
d’information historique et contemporaine sur la biodiversité côtière. Ce chapitre contribue 
à l’amélioration des connaissances de base sur la présence et la distribution des taxons 
benthiques le long des principaux ports de la côte de l'Arctique. En raison de l'effort 
d’échantillonnage accru dans la région, un total de 236 espèces et genres ont été identifiés, 
dont 7 à 15 % sont considérés comme des nouvelles mentions dans les ports et les régions 
environnantes. Sept taxons cryptogéniques (taxa qui pourrait être soit indigène ou non) ont 
été identifiés. Il a été constaté que la région étudiée devrait être considérée comme une 
source potentielle d'espèces non indigènes pour les ports d'autres régions, étant donné que 
les espèces indigènes (n = 8) sont connues pour être à leur tour des espèces non indigènes 
ou cryptogéniques ailleurs dans le monde. 
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Le chapitre 2 recourt à la modélisation de l'habitat pour prédire les distributions 
spatiales potentielles d’espèces envahissantes à haut risque compte tenu des facteurs 
abiotiques pour les conditions environnementales actuelles et prédites dans le cadre d'un 
scénario de changement climatique pour le milieu du siècle. Ce chapitre montre que des 
régions comme la baie d'Hudson et la mer de Beaufort fournissent déjà un habitat approprié 
dans les conditions environnementales actuelles pour trois des huit espèces modélisées : 
Littorina littorea, Mya arenaria et Paralithodes camtschaticus. En projetant la 
modélisation de l'habitat dans un scénario de réchauffement global, la pertinence de 
l'habitat augmente pour ces trois espèces. La modélisation des cinq autres espèces 
(Apmhibalanus improvisus, Botrylloides violaceus, Carcinus maenas, Caprella mutica et 
Membranipora membranacea) aboutit à la définition de nouveaux habitats adéquats dans la 
région de l’Arctique canadien. 
Le chapitre 3 présente une évaluation des risques écologiques liés aux trois espèces 
pour qui, selon le chapitre 2, l’habitat est approprié dans les conditions environnementales 
actuelles. La pertinence de l'habitat, interprétée comme la probabilité de survie à 
l'établissement, a été mise en corrélation avec la probabilité de l'arrivée par le 
déchargement des eaux de ballast comme voie potentielle d'introduction. Tous ces facteurs, 
qui représentent la probabilité d'introduction, ont ensuite été combinés avec les 
conséquences potentielles que les espèces peuvent engendrer dans l'environnement selon la 
sensibilité de l'habitat. Les résultats de ces corrélations montrent que la région a 
probablement été exposée à l'arrivée de ces espèces et que le risque peut présenter 
différents schémas temporels et spatiaux. Un autre constat important qui découle de l’étude 
est que des événements de déballastage des navires domestiques posent en général un 
risque relativement plus élevé que le déballastage des navires internationaux, ce qui expose 
les ports de Deception Bay et de Churchill au risque relatif le plus élevé, en particulier pour 
les espèces L. littorea et M. arenaria. 
Dans son ensemble, la thèse est une référence pour les suivis futurs et pour le 
développement de méthodes de détection rapide de nouvelles espèces dans la région de 
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l'Arctique canadien. De plus, elle fournit des connaissances qui pourraient être utilisées 
dans les prises de décisions à venir. L'étude souligne l'importance des efforts à faire pour 
échantillonner de façon adéquate les organismes benthiques dans les habitats côtiers de 
l'Arctique dans le but d’améliorer les données de base pour la comparaison et de permettre, 
à long terme, le suivi de changements potentiels sur les communautés. L’utilisation de la 
modélisation de l’habitat et l’évaluation du risque écologique aideront à la compréhension 
des menaces potentielles de l'arrivée, de la survie et de l'établissement d’espèces 
indésirables en raison du changement climatique et du trafic maritime à l'échelle de 
l’Arctique canadien. La thèse dans sa globalité préconise une approche de l'identification 
des régions et des espèces à haut risque afin de déployer des efforts de recherche plus ciblés 
en réponse au changement climatique. 
 Mots clés : Arctique canadien, benthos, base de référence, espèces non indigènes, 









Climate change is leading to variations in environmental conditions, especially in 
temperature and ice cover in high latitude regions such as the Canadian Arctic. Predictive 
models and risk assessment represent key tools for understanding current and projected 
changes associated with the impacts on coastal regions. It is important to predict how the 
introduction of new species will interact with drivers such as climate change, shipping 
activity and increasing resource exploitation, as these can have a high economic and 
ecologic cost. Therefore, it is important to evaluate the current and future risks associated 
with new introduced species in a region like the Canadian Arctic. The main aim of this 
thesis is to characterize the native and non-native biodiversity of benthic invertebrates in 
ports of the Canadian Arctic where the risk for introduction is the highest; and to evaluate 
the overall risk for potential future aquatic invasive species in a scenario of increased global 
warming and shipping activity. 
Chapter 1 includes the collection, compilation and comparison of contemporary and 
historical coastal biodiversity information. This chapter contributes to increasing the 
baseline information on the presence and distribution of benthic taxa in the main ports 
along the Arctic coastline. Due to the increased survey effort in the region, a total of 236 
species and genus were identified, of which 7 to 15% were considered new records within 
the ports and surrounding regions. Seven cryptogenic taxa (taxa that could be either native 
or non-native) were identified. Interestingly, the region surveyed was also found to be a 
potential source of non-indigenous species to ports in other regions given that some native 
species (n=8) are known to be established non-indigenous species or cryptogenic elsewhere 
in the world. 
Chapter 2 uses habitat modelling to predict spatial distributions for potential invasive 
species considering abiotic factors for current and projected environmental conditions 
under a climate change scenario by mid-century. This chapter shows that regions such as 
the Hudson Bay and Beaufort Sea already provide suitable habitats under current 
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environmental conditions for three out of eight species modelled: Littorina littorea, Mya 
arenaria and Paralithodes camtschaticus. When projecting the habitat modelling into a 
future scenario of global warming, there was an increase of habitat suitability for these 
three species, and the other five modelled species (Apmhibalanus improvisus, Botrylloides 
violaceus, Carcinus maenas, Caprella mutica and Membranipora membranacea) also had 
suitable habitats in the Canadian Arctic region. 
Chapter 3 presents a relative ecological risk assessment for the three species that were 
found in Chapter 2 to have habitat suitability under current environmental conditions. The 
habitat suitability is interpreted as the likelihood of survival-establishment, and was 
combined with the likelihood of arrival through ballast water discharge as potential 
pathway of introduction. These factors represent the likelihood of introduction, which is 
then combined with the consequence of occurrence (potential impact that the species can 
have in the environment together with the habitat sensitivity). Results from this chapter 
shows that the region most likely has been exposed to the arrival of these species, and that 
the overall risk based on vessel specific averages can show different temporal and spatial 
patterns. Another important finding of this chapter is that, in general, domestic discharge 
events posed higher relative overall risk than international discharges, making the ports of 
Deception Bay and Churchill the ones with the highest relative risk, especially for the 
species L. littorea and M. arenaria.   
Overall, this thesis provides a benchmark for future monitoring and aids in the 
development of methods for rapid detection of new species in the area, as well as providing 
information that can be used in decision making in the future. The study highlights the 
importance of making efforts to adequately sample benthic organisms in tidal and subtidal 
coastal Arctic habitats in order to improve baseline information, and allow for future 
tracking of potential changes in communities over time. Furthermore, the utilization of 
habitat models and ecological risk assessment will help in understanding potential threats 
of arrival, survival and establishment of future unwanted species as a result of climate 
change and shipping at the Canadian Arctic spatial scale. The ensemble of this thesis 
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provides an approach in the identification of high-risk regions and species to allow for 
more focused research and monitoring efforts in response to climate change. 
Keywords: Canadian Arctic, benthos, baseline, non-indigenous species, aquatic 
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THE CANADIAN ARCTIC: GLOBAL WARMING, SHIPPING ACTIVITY AND RESOURCE 
EXPLOITATION 
The Arctic marine ecosystem and its relation with global warming 
The entire globe is experiencing shifts due to climate change. In July 2015, the 
globally-averaged sea surface temperature was the highest for any month in the last 135 
years; it was also the warmest month ever recorded on land (NOAA, 2015). Shifts in 
temperature have generally been higher in the ocean than on land (Burrows et al., 2011). 
High latitude regions are highly sensitive to climate change, which may alter their 
temperature regimes, ocean currents, sea level and other key physical processes. The Arctic 
Ocean in particular is experiencing major changes due to global warming. The highest 
temperatures ever recorded since the onset of instrumental measurements were observed 
over the past decade, and the evidence suggests that recent Arctic summer temperatures 
were higher than during any time in the past 2000 years (Walsh et al., 2011). Furthermore, 
during the last three years, the Arctic sea ice conditions have broken two records. As seen 
in Figure 1, 2012 was the record lowest sea ice extension during a summer season, and 
2015 was the record lowest maximum ice extent during a winter season (NSIDC, 2015).  
Different global models are used to simulate the effect of climate changes on Arctic 
sea ice. In 2001, the IPCC predicted that the Arctic may warm approximately 3-4°C or 
more than twice the global average under realistic greenhouse warming scenarios. Then, 
they predicted in 2007 that mean reductions of annually averaged sea ice area in the Arctic 
would attain 31% by 2080-2100 (IPCC, 2007). Other authors state that a complete 
disappearance of summer sea ice could be possible by 2037-2040 (Holland et al., 2006; 
Wang & Overland, 2009; Hoegh-Guldberg & Bruno, 2010). Nevertheless, when comparing 
the models to the real data, it can be seen that changes in sea ice are happening faster than 




Figure 1: Arctic sea ice extent of the last five years (colour lines) and the average 1981-
2010 in dark grey. The grey area around the average shows the two standard deviation 
range of data. The brown dashed line denotes the record of lowest sea ice extension 
(summer 2012) and the blue line denotes the record of lowest maximum sea ice extension 
(winter 2015). Image taken from the National Snow and Ice Data Center. Accessed on 
August 31st 2015.   
The above mentioned changes can lead to profound variations in species dispersal 
and survival (IPCC, 2001; Hellmann et al., 2008; Cheung et al., 2009; Ruiz & Hewitt, 
2009). Current knowledge on the impact of climate change on marine life is lacking 
compared to that available for terrestrial systems (Richardson & Poloczanska, 2008). 
According to Wassmann et al. (2011), only 51 reports documented changes in Arctic 
marine biota in response of climate change. Most of the responses involved northward 
shifts, decline in abundance and reproductive output, regime shifts, growth, behavior and 
phenology (Wassmann et al., 2011). Given that the Arctic Ocean comprises 5% of the earth 
surface and 35% of the world coastline (Wassmann, 2015), it is obvious that all the changes 
and impacts observed in this region are globally significant. 
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Shipping and resource development in the Arctic 
Shipping activities in the Canadian Arctic are extensive, but currently mainly consist 
of community re-supply, bulk shipments of raw materials and supplies, exploration activity 
for resource development operations, and tourism (Arctic-Council, 2009). Imports of goods 
are required for both industry and human settlements. Exports are mainly concentrated on 
the petroleum, fisheries and mining industries. Canada has one of the three major shares of 
the exports from the Arctic regions (Glomsrød & Aslaksen, 2006). Higher demands for 
goods and an increased accessibility to Arctic resources have resulted in a substantial 
increase in the number of shipping transits in the region (e.g. an increase of 70% of transits 
in only one year) (Gavrilchuk & Lesage, 2014).   
Resource development in the Canadian Arctic dominates the rural economy of the 
north. Oil, gas, and other types of mining, particularly diamonds, have stimulated industrial 
development by Canadian and foreign multinational firms in remote areas with extreme 
climates. Mining, oil and gas account approximately for 36.4% of total economic activity in 
this region (Glomsrød & Aslaksen, 2006). Resource development continues to increase at a 
rapid pace (Haley et al., 2011), and is expected to be accompanied by an increased export 
of resources mainly through shipping which is the only feasible means of transporting large 
volumes of cargo from many of these remote locations. According to Gavrilchuk and 
Lesage (2014), it is expected that more than 25 new development projects with a marine 
component will be operational in Canada’s North by 2020. This will represent an 
approximate number of 433 shipments per year. The region is therefore expected to 
experience an unprecedented increase in industrial development over the next decade 
(Gavrilchuk & Lesage, 2014). 
International and coastal domestic ports and the associated shipping traffic can act as 
a potential vector for species transfer via hull fouling or ballast water discharge. In fact, it 
has been described as the main vector for the introduction of new species globally (Molnar 
et al., 2008). Ninety percent of the world trade is conducted by the ocean shipping network, 
which provides one of the most important modes of transportation (Kaluza et al., 2010). 
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Canada established ballast water management regulations in 2000 to prevent aquatic non-
indigenous species introductions: all international vessels entering and operating in 
Canadian waters that are at least 50 m in length with a minimum ballast capacity of 8 m3 
are required to undertake mid-ocean exchange (MOE) or ballast water exchange at sea  
(Transport Canada, 2007). Ballast water exchange is a process in which a ship exchanges 
ballast water of coastal origin with open-ocean saltwater (Chan et al., 2012). The 
requirement for MOE is based on the theory that any open-ocean taxa present in exchanged 
ballast are less likely to succeed in coastal or freshwater environments because they are less 
adapted, diverse and abundant than coastal communities thus reducing the risk of 
successful invasion in coastal waters’ (Levings et al., 2004; Simard & Hardy, 2004). 
Domestic ships, however, can directly transport ballast water from Canadian temperate 
waters to Canadian Arctic waters without any form of management since Canada does not 
currently regulate discharges of domestic ballast water (Chan et al., 2012). Given that the 
Arctic receives a considerable amount of international and domestic traffic, this region is 
particularly vulnerable to potential introductions of established aquatic invasive species, 
non-indigenous species and native species from temperate waters. 
NON-INDIGENOUS SPECIES  
What is a non-indigenous species? 
One of the first things to consider when talking about non-indigenous species is that 
the invasion process includes consecutive stages, that it should be understood as a 
biogeographical rather than a taxonomic phenomenon (every species has its native range) 
and that invasion stages should be related to individual populations and not entire species 
(Colautti & MacIsaac, 2004). The terminology used to characterize non-indigenous species 
is extensive, and different concepts and uses of the terms can be found in the literature. 
Some commonly used terms include alien, exotics, invaders, non-native species, introduced 
species, immigrants, translocated species, naturalized species, colonists, harmful species, 
adventives, neophytes, weeds, imports, nuisance and invasive species, among many others. 
  5 
 
The usage and particular meaning of the terms can vary among taxonomic groups and 
geographic regions (Ruiz & Carlton, 2003), and even in a scientific context, there is 
generally no agreement in what is meant by invasiveness (Boonman-Berson & Turnhout, 
2013); hence it is crucial to define the terminology when talking about invasions. This lack 
of definition has plagued scientific literature for a long time, ever since the classical book 
of Elton (1958) on ecology of plants and animals, in which the term invasive is not even 
defined. In addition, the concepts and perceptions of non-indigenous species will be 
different according to who is defining it since there are different points of view from 
science, policy, conservation management or society (Boonman-Berson & Turnhout, 2013). 
Therefore, it is important to state and define at the very beginning of this thesis the 
terminology that will be used. 
 Two expressions will be utilized throughout this text: 1) non-indigenous species 
(NIS) to refer to species that have moved outside their normal geographic range due to 
human actions regardless of their eventual impact on native ecosystems (definition taken 
from Lockwood et al., 2007), and 2) aquatic invasive species (AIS) to refer to species 
introduced beyond their native range that have known adverse consequences for economic, 
environmental or human welfare (Colautti et al., 2006b). 
NIS characteristics and invasion process 
There are biologically identifiable steps along the path to becoming an invader. 
Passing each stage requires overcoming several ecological barriers. All NIS originally 
began as individuals that were picked up from their native range, transported to a new area, 
and released into the wild (“Transport” in Figure 2). These individuals must then establish a 
self-sustaining population within their new non-native range, or else the population 
becomes extinct (“Establishment” in Figure 2). An established non-indigenous population 
may then grow in abundance and expand its geographic range, or it may remain at low 
abundance and locally distributed (“Spread” in Figure 2). Typically, ecological and 
economic harm will only occur when a non-native population becomes widespread and 
abundant, and thus earns the “invasive” title (“Invasion” in Figure 2) (Lockwood et al., 
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2007). Nevertheless, it is important to add that impacts can be caused at any of the 
particular stages and that it is highly influenced by human perception. The magnitude of 
damage costs will depend on the probabilities of passing each of the invasion stages and on 
the impacts on different ecosystem services (Marbuah et al., 2014). 
 
Figure 2: Invasion process model showing the discrete stages an invasive species passes 
through as well as alternative outcomes at each stage. Depending on the species and the 
effect they can cause, a relative impact can be given to each stage (taken and modified from 
Lockwood et al., 2007). 
The role of propagule pressure (number of individual arrivals and number of 
introduction attempts) and colonization pressure (number of exotic species introduced into 
a single location, some of which may succeed in establishing and some of which will not) is 
very important in determining the success of NIS establishment, although it is not always 
taken into account in studies on biological invasions (Ruiz et al., 2000; Colautti et al., 
2006a). Propagule pressure is not easily measured directly, except with intentional species 
introductions, but can be indirectly related to some measures of the intensity of 
unintentional introductions (e.g., number of ships, estimated discharge ballast water) 
(Occhipinti-Ambrogi, 2007). The characteristics of the receiving community are also 
important in determining the success of NIS invasion. For example, success of NIS 
decreases with increasing resident species richness (Stachowicz et al., 2002a) and loss of 
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biodiversity can lead to degradation of local resistance against invasion (Kennedy et al., 
2002). Thus, a more diverse environment should result in lower total resource availability, 
decreasing the success of new species (Elton, 1958; MacArthur, 1970). 
What is the harm of invasive species? 
The introduction of a new species can cause ecological and socio-economic impacts 
on: biodiversity (e.g., reduction in species richness), habitats (e.g., habitat loss), biotic 
interactions (e.g., competition for resources or space), genetic (e.g., alteration to gene pools 
through hybridization), tourism (e.g., reduction on tourism activities), fishing (e.g., 
reduction in commercial species abundance), aquaculture (e.g., reduction in quality of the 
products), vessels-moorings (e.g., increased cost in maintenance as a result of fouling 
organisms), aesthetics-diving (e.g., reduction in the quality of aesthetic activities), etc. 
(Hewitt et al., 2006). The ecological impacts can be also observed at different biological 
levels of organization: genetic, individual, population, community, ecosystem, regional and 
global, keeping in mind that what affects one level of organization will often affect other 
levels (Lockwood et al., 2007). Moreover, the impact that a new species can have in an 
ecosystem can vary according to the perception (e.g., social, scientific, political, etc.).  
It has been estimated that at any moment in time, over 7000 species might be 
moving around in ballast tanks in ships on the world’s oceans (Carlton 2008 as cited in 
Rilov and Crooks, 2008). But what is the proportion of invasive species and what are the 
costs incurred by an invasion? North American waters are considered to have established 
populations of 450 marine and estuarine NIS (Ruiz et al., 2015). In Canada, it has been 
calculated that at least 1442 different species have invaded forests, agricultural and aquatic 
ecosystems (MacIsaac et al., 2002). In a freshwater ecosystem like the Great Lakes alone, it 
has been estimated that a new introduced species is discovered every 28 weeks (Ricciardi, 
2006). An important consideration has to be made with analyses discussing the total 
number of introduced species in general: only 20-30% produce negative economic 
consequences (Pimentel et al., 2001). Other studies state that we know the ecological and 
economic impacts of approximately 10% of the invasive species in a certain region (Vilà et 
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al., 2009). The costs of damages due to invasive species in Canada have been estimated to 
be close to $7.5 billion Canadian dollars (CDN) per year (Dawson, 2002). These damages, 
translated to costs in fisheries, agriculture and forestry, are around $187 million CDN per 
year for only ten of the most important NIS (Colautti et al., 2006b). A recent study with a 
wider geographic coverage, calculated that the cost of invasive species vary from less than 
$1 million USD per year to even higher costs like 12% of gross domestic product for 
affected countries (Marbuah et al., 2014).  
Why study non-indigenous species in the Arctic? 
Ever since 1924 the problem of harmful species has been recognized in international 
conventions (García-de-Lomas & Vilà, 2015). Over the past century, non-indigenous 
species have become a serious threat to biodiversity (Cohen & Carlton, 1998) with 
ecological, economic, health and environmental impacts. Intertidal and subtidal biota in 
many regions have undergone rapid and profound changes caused by the arrival of NIS 
(Carlton, 1996b; Ruiz et al., 1997). Given that Canada has the longest coastline in the 
world (its territorial sea covers 14.3% of the territorial sea of the world), which is mostly 
located in Arctic waters, and that the Arctic Ocean is the least sampled of the world´s 
oceans and lacking of marine ecological knowledge, it can be said that this region is at high 
risk (Arctic-Council, 2009; Archambault et al., 2010; Wassmann, 2015).  
From a global perspective, the least invaded realms are the Southern and Arctic 
Oceans (Molnar et al., 2008). The Arctic has been perceived as an unlikely region for 
biological invasions for two main reasons: 1) shipping activity is relatively low in the North 
compared to temperate ports, thus resulting in a reduced propagule supply of non-indigenous 
species; and 2) the severe environmental conditions (long periods of ice cover and severe ice 
scour) in the Arctic are expected to reduce the probability of survival of NIS, thus conferring 
resistance to invasions (Ruiz & Hewitt, 2009). Nevertheless, the Arctic can be considered to 
be threatened by introduction of ship-mediated NIS. The past few decades have seen a rapid 
acceleration in the rate of establishment of introduced species in coastal waters (Ruiz et al., 
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2000; Ruiz et al., 2015). The Arctic Marine Shipping Assessment (Arctic-Council, 2009) 
highlights the need for baseline surveys of aquatic species in ports of the Arctic region to 
investigate the potential presence of introduced species and assess the risk for future 
introduction of potential invaders. Most introduced marine species are benthic (Streftaris et 
al., 2005), making these organisms a good study model and making it interesting to predict 
those species that could potentially be introduced in the Canadian Arctic. The general 
agreement is that the physical and biological disturbance levels due to climate change in 
Arctic waters will have an important impact on the structure and functioning of different 
systems, including the benthic one (Piepenburg, 2005). 
THE CANADIAN ARCTIC AND NON-INDIGENOUS SPECIES 
Global warming in the Arctic and species distribution 
Climate change and invasive species are two of the most important threats to marine 
ecosystems since they can affect the structure and function of native communities 
(Stachowicz et al., 2002b; Occhipinti-Ambrogi, 2007). Furthermore, invasive species may 
be favoured by warmer temperatures (Stachowicz et al., 2002a; Occhipinti-Ambrogi, 2007; 
Sorte et al., 2010; Cockrell & Sorte, 2013). According to Walther et al. (2002) and Sorte et 
al. (2010), based on theoretical and conceptual aspects and evidence for observed changes 
in biological invasions arising from recent research, climatic change is known to affect 
biotic components. These include changes in ecological communities and increased 
dominance of introduced species in competitive interactions and community development that 
cause shifts in community composition. It can also impact on differences in growth rates, 
patterns of mortality, timing, duration and magnitude of reproductive output for native species 
(Occhipinti-Ambrogi, 2007; Sorte et al., 2010). These shifts to dominance by NIS may 
accelerate the homogenization of the global biota. Climate change can have a 
disproportionately negative impact on native species, and based on the temperature 
tolerance, survival and growth results, as ocean temperatures increase, native species will 
decrease in abundance, whereas introduced species are likely to increase in this system 
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(Sorte et al., 2010). Aquatic communities are expected to present shifts in their 
distributions with southern species expanding their ranges to more northern locations 
(Cheung et al., 2009; Cheung et al., 2011). Under these conditions, invasive species are 
likely to have a competitive advantage, since they usually have larger latitudinal ranges than 
the native cold-water adapted species, possess the ability to tolerate a broader range of 
environmental conditions and can develop the potential for greater success at increased 
temperatures (Hoegh-Guldberg & Bruno, 2010; Sorte et al., 2010). These processes are 
expected to create northward shifts and a borealisation of the Arctic Ocean. Specific 
predictions of where these changes will occur and which taxa are more likely to extend 
their ranges are however lacking (Wassmann, 2015). 
Multiple interactions: shipping, global warming and NIS 
The warming climate in high latitude regions is expected to result in increased 
accessibility and a longer shipping season (Arctic-Council, 2009). Global warming is likely to 
cause the recession of summer Arctic ice cover opening seasonal trading routes through the 
North-West Passage and the northern sea route (north of the North American and the Eurasian 
continents, respectively) as seen in Figure 3 (Smith & Stephenson, 2013; Miller & Ruiz, 
2014). Increased connectivity between the North Pacific and Atlantic oceans will provide 
greater opportunities for transarctic movement of cold-water species, representing a vector for 
the transfer of NIS in ballast water or on hulls to new areas where the environmental 
conditions resemble those in their native waters. According to Smith and Stephenson (2013), 
the probability of open-water vessels crossing an ice free Northwest Passage will increase 
from its current 17-27%, to nearly the double (53-60%) by mid-century. In 2012, a record of 
30 different kinds of vessels transited through the Northwest Passage, and in 2013, for the first 
time ever, a commercial vessel transited the Passage (Environment and Natural Resources, 
Northwest Territories 2015). More surprising still is the fact that people outside the shipping 
and industry business are also seeing new opportunities: for example, there is an extreme 
yacht race that is being organized for the summer 2017 to cross the Northwest Passage 
(Washington Post 2015). 
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Figure 3: Optimal September navigation routes to cross the Canadian Arctic: a) historical 
baseline conditions (1975-2005), b) hypothetical ships seeking to cross the Arctic Ocean 
during 2040-2059 as driven by projection of sea ice concentration and thickness assuming 
RCPs 8.5 (high radiative forcing). Red lines indicate fastest available tans-Arctic routes for 
Polar Class ships; blue lines indicate fastest available transits for common open-water 
vessels. Taken from Smith and Stephenson (2013). 
Reported NIS cases in the Arctic 
A variety of recent introductions in high-latitude areas have been documented: the 
snow crab Chionoecetes opilio in the Barents Sea (Alvsvåg et al., 2009); the Japanese 
skeleton shrimp Caprella mutica, the ascidian Molgula citrina together with 24 different 
species of plants and animals in marine related ecosystems in Alaska (Hines et al., 2000a; 
Ashton et al., 2008a; Lambert et al., 2010); the Atlantic rock crab Cancer irroratus and the 
sea squirt Ciona intestinalis in Iceland (Svavarsson & Dungal, 2008; Gíslason et al., 2014); 
the red algae Dumontia contorta in Hudson Bay (Mathieson et al., 2010), as well as new 
polychaete species, such as Aricidea hartmani in Canada Basin, that have been discovered 
for the first time but whose origin is uncertain (MacDonald et al., 2010). According to Ruiz 
and Hewitt (2009), there has been only one non-native benthic invertebrate marine species 
known to have an established population in the Arctic through intentional human 
introduction: the Alaskan king crab Paralithodes camtschaticus. It has been intentionally 
introduced in Norwegian and Russian waters (Jørgensen & Nilssen, 2011). Although there 
12 
 
have been no reported ship-mediated invasive species in Arctic Canadian waters to date, 
few systematic surveys have been conducted in this region (particularly for invertebrates) 
making it problematic to determine if newly reported species are native or introduced. 
Although species might not be establishing, some might already have arrived in the region. 
For example, recently several non-indigenous barnacle species were found to have been 
transported alive in ships’ hulls into Canadian Arctic ports (Chan et al., 2015) and diverse 
crustaceans have been found transiting through ballast water tanks in regions of the 
European Arctic (Ware, 2014). On the other hand, early detection methods such as 
metabarcoding have detected sequences of species previously unreported for Canadian 
Arctic ports, such as the soft shell clam Mya arenaria and the mussel Mytilus 
galloprovincialis, together with seven different species of copepods (Brown et al 
unpublished). This could indicate that these species are arriving in Canadian Arctic ports, 
but that information on the establishment of populations and the observation of individuals 
during sampling is still missing.     
Models projecting the distribution of species suggest that high-latitude shorelines 
are currently vulnerable to invasion by non-native species occurring at lower latitudes (de 
Rivera et al., 2011). It has been shown that climate change has the ability to directly enhance 
the invasion success for marine tunicates, and the spread of these invasive organisms to the 
Arctic could present a significant risk to other levels in the trophic web such as benthic-
feeding marine mammals, which are already at risk (Stachowicz et al., 2002b). Furthermore, if 
shipping and resource development increase as expected with a warming climate, propagule 
pressure will also increase and the Arctic will be more vulnerable to future invasions (Chan et 
al., 2012). 
Conservation and management 
As Ruiz and Hewitt (2009) explain, as there are few confirmed invasions in polar 
systems to date, there is now an opportunity to implement management actions and policy that 
would greatly limit invasions and their unwanted impacts. We lack robust information on the 
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early stages of the introduction process, whether successful or not, even though they may 
provide essential information on the vectors transporting the species as well as the invasion 
process itself (Chang et al., 2011). The decline in existing populations of native species can 
be overlooked and go unnoticed in some cases, due to lack of previous data or insufficient 
taxonomic information.  
The consequences of climate change for invasions at high latitudes deserve serious 
attention from a conservation and management perspective. While global shifts in temperature 
are underway and serve to increase chances of polar invasions, it appears that human 
responses to climate change will largely determine the number of invasions that occur. 
Although non-native species can arrive to polar ecosystems by natural dispersal (Barnes et al., 
2006), these regions are relatively isolated geographically, and the probability for human 
transport is far greater. Significant efforts should now focus on understanding and reducing the 
transfer of non-native species to the poles, aiming to avoid the high number and significant 
impacts of introductions experienced in temperate waters. Efforts to minimize invasion risk at 
lower latitudes have employed several approaches that are applicable and should be adopted in 
polar-regions. Among them, the prevention or reduction of species transport by human 
activities and rapid detection of invasions by non-native species (Ruiz & Hewitt, 2009) can be 
mentioned. In any case, we need to bear in mind that the presence of a new species does not 
automatically lead to successful establishment, but it is urgent to know the risks that NIS pose 
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GENERAL OBJECTIVES 
This thesis is part of a national surveillance program, proposed by the Canadian 
Aquatic Invasive Species Network (CAISN), initiated to develop an information database 
on occurrence of aquatic invasive species and to aid in their rapid detection in key ports 
across the country.  
The general objectives of this thesis are: 
 to characterize existing native and non-native benthic invertebrates in coastal 
areas of the Canadian Arctic where the risk for introduction of NIS is the 
highest and  
 to characterize and evaluate the overall risk for future aquatic invasive species 
incursions with changes related to global warming and shipping activity. 
 Figure 4 below summarizes the main factors influencing the risk of NIS together with 
the general objectives. 
 
Figure 4: Representation of the general objectives and the main drivers that influence the risk 
of non-indigenous species in the Canadian Arctic region.  
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The general objectives are addressed in three chapters that are not only related to each 
other conceptually, but it also has a time component. This can be illustrated with the “wheel of 
time” (Figure 5), the conceptual model of this thesis, which circulates through different 
periods of time and through the various drivers (elements explained in the previous section) 
related to the introduction of new species.  
 
Figure 5: Conceptual model of thesis structure as a “wheel of time”. It can be seen how the 
chapters are related to each other and how they are also related to a time component.  
Specific objectives 
Chapter 1: Establishing a baseline for early detection of non-indigenous species in ports of 
the Canadian Arctic 
Chapter 1 involves the collection, compilation and comparison of contemporary and 
historical coastal benthic biodiversity information to address the following objectives:  
a) to identify potential temporal changes in species composition and new species 
records by comparing existing benthic communities in intertidal and subtidal areas of 
Canadian Arctic ports where historical biodiversity information is available; and  
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b) to evaluate and determine the source (introduction, range expansion or increased 
survey effort) of new species records for the benthic coastal biodiversity in the Canadian 
Arctic (Section a in Figure 6). 
This chapter provides a comprehensive baseline of benthic biodiversity in ports of the 
Canadian Arctic. The hypotheses are related to the source of new reported species in the 
Canadian Arctic: 
 Hypothesis 1: Species with no previous records in the region of the studied 
ports but with previous records from neighboring areas and present in other parts of the 
Canadian Arctic can be explained by increased survey effort.  
 Hypothesis 2: Species with records in the European and Asian Arctic regions 
can be explained by increased survey effort if they do not have previous known introduction 
histories and if they show a pattern of circumpolar or cosmopolitan distribution.  
 Hypothesis 3: Species with records in Temperate North America (Atlantic 
side) can be explained by either range expansion or ship mediated introduction when matching 
with shipping connections. 
 Hypothesis 4: Species records from Temperate North America (Pacific side), 
Arctic and Subarctic Europe and Asia, and Temperate Europe and Asia can be explained by 
ship-mediated introduction when matching a known shipping connection. 
As seen in Figure 6, this chapter relates present and past. The past, represented by the 
historical records and knowledge of the biodiversity in the region, is compared to the 






Chapter 2: Projecting the present and future habitat suitability of aquatic invasive species in 
the Canadian Arctic 
The objective of Chapter 2 is to predict the habitat suitability for a subset of potential 
high risk invaders connected to Canadian Arctic ports through shipping and to assess their 
likelihoods of establishment under both current conditions and under a future scenario of 
climate change. This approach allows the prediction of areas with higher invasion risk as a 
function of future global warming and increased shipping activity (Section b in Figure 6). The 
hypotheses of Chapter 2 are related to the differences in suitable habitat under different 
scenarios and the locations where the biggest changes are predicted:  
 Hypothesis 1: With future global warming, a greater number of temperate ship-
mediated high risks AIS will encounter conditions suitable for establishing and occupying a 
wider range of habitats in the Canadian Arctic thus placing more ports of this region at higher 
risk. 
 Hypothesis 2: Hudson Complex has a higher habitat suitability compared to 
the other Canadian Arctic regions due to the fact that the region has more favorable conditions 
(relatively shallow, higher temperature, lower salinity when compared to other Canadian 
Arctic areas).  
As seen in Figure 6, this Chapter focuses on present and future. The present is 
represented by the species’ habitat suitability under current environmental conditions, while 
the future is represented by the projected changes under a global warming scenario and 
compared to the one modelled in the present. 
Chapter 3: Ecological risk assessment of predicted marine invasions in the Canadian Arctic 
Chapter 3 aims to spatially characterize the relative ecological risk of invasion for 
future AIS incursions across the Canadian Arctic ports (Section c in Figure 6). This chapter is 
directly related to Chapter 2, since the former provides the base for projections of suitable 
habitat of AIS in the Canadian Arctic region. Chapter 3 completes this assessment and 
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addresses the following question: what is the ecological risk of invasion for the AIS for which 
suitable habitat is predicted in the Canadian Arctic? The hypotheses of this chapter are: 
Hypothesis 1: When comparing domestic ballast water discharge to international ones, 
domestic ports receiving a higher amount of ballast water discharge on a vessel basis have a 
higher relative risk of introduction compared to international discharges. 
Hypothesis 2: Species with a wider distribution (in their native and non-native ranges) 
have a higher risk of being introduced in Canadian Arctic waters either by international or 
domestic ballast water discharges. 
As seen in Figure 6, this Chapter relates past and future. The past is represented by the 
recent past shipping records and the future by the assessment of potential risk of introduction 
of new AIS in the region. 
 
Figure 6: Conceptual model of thesis structure as a “wheel of time”. It can be seen for each 



















ÉTABLIR UNE BASE DE RÉFÉRENCE POUR LA DÉTECTION 
ANTICIPÉE DES ESPÈCES NON INDIGÈNES DANS LES PORTS DE 
L’ARCTIQUE CANADIEN 
RÉSUMÉ 
La combinaison du réchauffement global, de l'exploitation des ressources et de 
l'augmentation de l'activité de navigation dans l'Arctique devrait accroître le risque 
d'introduction d'espèces exotiques dans les eaux arctiques dans un avenir proche. Nous 
fournissons ici pour la première fois une étude sur les invertébrés benthiques de façon à 
identifier les espèces non indigènes (NIS) des côtes de l'Arctique canadien, en incluant des 
données historiques, et à signaler la présence de nouvelles espèces. Les trois principaux 
ports exposés au plus haut risque d'introduction de NIS dans l'Arctique canadien ont été 
examinés : Churchill (Manitoba), Baie Déception (Québec) et Iqaluit (Nunavut). Un total 
de 236 genres et espèces ont été identifiés. Selon les informations contemporaines et 
historiques sur la composition et la distribution des espèces, 14,4 % des taxons identifiés 
peuvent être considérés comme de nouvelles introductions dans les régions portuaires 
étudiées et représentent 7,2 % en élargissant aux régions adjacentes. L’effort accru de 
recherche est l'explication la plus probable pour la majorité des nouveaux cas. Néanmoins, 
un petit nombre de détections (n = 7) sont des nouvelles mentions pour le Canada et ont été 
classées comme espèces cryptogéniques puisque nous ne pouvions pas les décrire avec 
confiance comme étant soit indigènes, soit introduites. Des recherches complémentaires 
sont nécessaires pour mieux comprendre le statut de ces nouveaux taxons. La présente 
étude fournit un point de référence pour la détection anticipée d’invertébrés benthiques 
dans la région. Les études de détections anticipées ainsi que leur suivi engendrent 
d’importants coûts et requièrent une main-d'œuvre considérable, mais ces travaux sont 
l’occasion d’identifier la biodiversité indigène et introduite, ce qui est crucial pour analyser 
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les changements qui ont lieu le long d'une des côtes les plus longues au monde : la côte de 
l'Arctique canadien.  
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ESTABLISHING A BASELINE FOR EARLY DETECTION OF NON-
INDIGENOUS SPECIES IN PORTS OF THE CANADIAN ARCTIC 
ABSTRACT 
The combination of global warming, resource exploitation and the resulting increase 
in Arctic shipping activity are expected to increase the risk of exotic species introductions 
to Arctic waters in the near future. Here, we provide for the first time a benthic invertebrate 
survey for non-indigenous species (NIS) from the Canadian Arctic coasts, incorporating 
historical information to identify new records. The top three ports at highest risk for 
introduction of NIS of the Canadian Arctic were surveyed: Churchill (Manitoba), 
Deception Bay (Quebec) and Iqaluit (Nunavut). A total of 236 genera and species were 
identified. Based on cross referencing comparisons of contemporary and historical 
information on species composition and distributions, 14.4% of the taxa identified can be 
considered new records within the port regions surveyed and 7.2% within the more 
extended, adjacent surrounding regions. Increased survey effort is the most likely 
explanation for the majority of new occurrences, however, a small number of records (n=7) 
were new mentions for Canada and were categorized as cryptogenic since we could not 
confidently describe them as being either native or introduced. Further research is required 
to better understand the status of these new taxa. This study provides a benchmark for early 
detection for benthic invertebrates in the region. Significant costs and intensive labor are 
involved in monitoring and in early detection surveys, but they provide a great opportunity 
for identifying native and introduced biodiversity, crucial to analyzing the changes taking 
place along one of the longest coastlines in the world, the Canadian Arctic coast. 
Key words: Arctic, biological invasions, benthos, spatial distribution, shipping 
activity, risk for introduction 
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INTRODUCTION  
Changes in climate, hydrography, and ecology related to global warming are 
presently, and are expected to continue to be, more strongly expressed in the Arctic Ocean 
relative to other regions of the world (IPCC, 2001; Hoegh-Guldberg & Bruno, 2010). These 
changes are hypothesized to have an important impact on the structure and functioning of 
Arctic benthic systems (Piepenburg, 2005) but these systems are still understudied 
(Wassmann et al., 2011). The combination of these modifications can be expected to 
facilitate introductions of non-indigenous species (Strayer, 2012). Coastal waters have been 
shown to be more susceptible to non-indigenous species (NIS) since intertidal and subtidal 
biota in many regions have undergone rapid and profound changes caused by the arrival of 
NIS (Carlton, 1996a; Ruiz et al., 1997). Although most introductions have occurred in 
southerly latitudes where there is the greatest shipping activity, the combination of global 
warming, resource exploitation and the resulting increase in Arctic shipping activity are 
expected to increase the risk of exotic species introductions to Arctic waters in the near 
future (Niimi, 2004; Arctic-Council, 2009; Smith & Stephenson, 2013). Canada has the 
longest coastline in the world (its territorial sea covers 14.3% of the territorial sea of the 
world and its coastline is 16.2% of the world total), the majority of which is located in 
Arctic waters (Archambault et al., 2010). Given the extent of coastline in the Canadian 
Arctic, it can be considered a region that is, and will continue to be, at high risk for future 
introductions of NIS.  
Over the last two decades, high-latitude areas have shown a disproportionate increase 
in temperature, and their coasts are highly susceptible to a combination of climate change 
impacts in addition to sea-level rise (IPCC, 2007; Hoegh-Guldberg & Bruno, 2010). In 
summer 2012, the decline in the Arctic sea-ice was the lowest ever recorded (NSIDC, 
2012). It is projected that there could be a further 31% mean reduction of annually averaged 
sea ice area in the Arctic by 2080-2100 (IPCC, 2007), and there are even more extreme 
projections like the complete disappearance of summer sea ice by 2037 (Hoegh-Guldberg 
& Bruno, 2010). These projected changes will result in warmer, less saline, ocean 
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conditions, which together with increased shipping activity (Arctic-Council, 2009; Smith & 
Stephenson, 2013), are expected to favour the establishment of high risk ship-mediated 
invasive species. Canadian Arctic ports are connected to international and Canadian coastal 
domestic ports, resulting in potential for species transfers via hull fouling and/or ballast 
water discharge (Chan et al., 2012). Research on the climate-driven reductions in Arctic sea 
ice predicts that, by 2040 to 2059, new shipping routes will become passable across the 
Arctic (many through the Canadian Arctic), linking the Atlantic and Pacific oceans (Smith 
& Stephenson, 2013). This will result in an increase in vessel traffic with implications for 
the ecosystems of this fragile area including an increased probability of introducing non-
indigenous species due to greater propagule pressure. Increasing temperatures are also 
expected to result in shifts in aquatic communities with southern species expanding their 
ranges to more northern locations (Ruiz & Hewitt, 2009; Chust et al., 2013; Valle et al., 
2014).  
New species reported in the Arctic may be native to this region but not previously 
described, such as the polycheate Streptospinigera niuqtuut Olivier, San Martin and 
Archambault, 2013 (Olivier et al., 2013). On the other hand, unrecognized introduced 
species could be assumed to be native to the region (Carlton & Geller, 1991; Petersen, 
1999). Some species could be either native or non-native (classified as ‘cryptogenic’) due 
to the lack of baseline surveys and information on historical species ranges, as is the case 
for the Canadian Arctic coast (Carlton & Geller, 1991; Carlton, 1996b; Ruiz et al., 1997). 
Underestimation of NIS is probably always high in a given region (Ruiz et al., 1997; Bax et 
al., 2001) for the above described reasons, but also because of the taxonomical challenges 
of studying and identifying small organisms and poorly known taxa (Bax et al., 2001). The 
challenge becomes greater knowing that many species remain to be described. There are 
estimates that 91% of species in the ocean still await description (Mora et al., 2011), and 
that between one-third and two-thirds of marine species may be undescribed (Appeltans et 
al., 2012b). To date, there have been no reported ship-mediated NIS in Arctic Canadian 
waters; however, the Arctic Ocean is the least sampled of the world´s oceans (Arctic-
Council, 2009), and few systematic surveys have been conducted in this region of the 
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country (particularly for benthic invertebrates) making it problematic in determining if 
newly reported species are native or introduced. In particular, the systematics and 
biogeography of benthic coastal invertebrates in the region are poorly known and mostly 
underestimated (Archambault et al., 2010). Regionally speaking, for the whole Arctic and 
sub-Arctic, a review of the literature revealed one north-eastern Asiatic crustacean, 
Caprella mutica Schurin, 1935, to be successfully established in Alaskan waters (Ashton et 
al., 2008b) and the Alaskan king crab, Paralithodes camtschaticus (Tilesius, 1815), which 
has established non-indigenous populations in the Russian and Norwegian Arctic (Orlov & 
Ivanov, 1978; Jørgensen & Nilssen, 2011), causing substantial impacts on the invaded 
environments (Oug et al., 2011). An additional 10 NIS have been found in waters of 
Alaska, but without specific invasion success information (Hines et al., 2000b; Ruiz & 
Hewitt, 2009). Also, one introduced species of benthic alga, Dumontia contorta 
(S.G.Gmelin) Ruprecht, 1850, has been recorded in James Bay and Ellesmere-Baffin 
Island, Canada (Mathieson et al., 2010). This alga is thought to have originated from 
Europe and was first observed in the Western North Atlantic at the beginning of the 20 th 
century; the means of introduction to North America is unknown (Mathieson et al., 2008). 
Another species of alga, Spyridia filamentosa (Wulfen) Harvey, 1833, also recently found 
in the James Bay area of Canada, is considered cryptogenic as it is unclear if it was 
introduced (e.g., by migrating bird species) or if it originated from relict populations that 
survived from the mid-hypsithermal period (ca. 7000 years ago) (Mathieson et al., 2010). 
In the latest Arctic Biodiversity Assessment, Lassuy and Lewis (2013) provide a review of 
all terrestrial and aquatic species that have invaded the Arctic realm. 
We lack robust information on the early stages of most introductions, whether 
successful or not, even though they may provide essential information on the vectors 
transporting the species as well as the invasion process in itself (Chang et al., 2011). As 
explained previously, lack of baseline data or insufficient taxonomic information can result 
in unnoticed changes related to aquatic community composition and existing populations of 
native species. There is a need for baseline research in order to determine if a species is 
new to an area and to detect changes within the probable introduction pathways (i.e., early 
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detection) (NISC, 2003). The shipping activity in a given region of study can result in the 
frequent release of propagules, and introduces the probability that at any given time some 
species are in the early stages of establishment, and may not be detected until several 
generations after they establish (Carlton, 2009). Locke and Hanson (2009) propose a 
framework for rapid response to non-indigenous species which includes a detection phase 
during which they recommend the development of ecological inventories to establish 
baseline information on native and NIS populations. It is extremely important to know what 
was previously present to be able to identify new arrivals. The Canadian Arctic coasts can 
be considered a poorly studied area particularly with respect to benthic invertebrate 
biodiversity (Archambault et al., 2010; Piepenburg et al., 2011) thus emphasizing the 
importance of sampling and monitoring high-risk locations such as ports. 
In this context, the objectives of this study were: 1) to compare species lists generated 
from a biodiversity survey performed in 2011 and 2012 in high risk port areas of the 
Canadian Arctic with historical survey information to identify new species and to evaluate 
if new records are best explained by increased survey effort, range expansions, ship 
mediated introduction, or other mechanisms and 2) to establish a baseline of biodiversity of 
coastal benthic invertebrates for further monitoring and early detection of aquatic non-
indigenous species. This baseline will aid in identifying and managing new introductions of 
species in the Arctic, a region which is experiencing rapid change. 
MATERIALS AND METHODS 
Characteristic of the ports sampled  
 
Three major Canadian Arctic ports: Churchill, Deception Bay and Iqaluit, Canada 
(Figure 7), were sampled because of their level of shipping activities. These ports are 
considered to be at highest risk for the introduction of NIS based on a recent assessment of 
the number of vessel arrivals and ballast discharge for all vessel categories between years 
2005–2008 (Chan et al., 2012; Chan et al., 2013).  
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Churchill is located on the south western shores of Hudson Bay and is the major 
seaport in the region (Figure 7). Hudson Bay is connected to the Labrador Sea through 
Hudson Strait and is considered to be a large inland sea (surface area exceeds 1 million 
km2) but is relatively shallow (an average depth of less than 150 m) and therefore warmer 
than many other regions of the Arctic (Saucier et al., 2004; Séguin et al., 2005). The 
Hudson Bay complex is comprised of sub-regions such as Hudson Strait, Foxe Basin and 
Hudson Bay, among others (Figure 7). Churchill’s main shipping activities are related to its 
unique location that provides opportunities for international traffic, dominated mainly by 
the export of grain, followed by manufactured, mining, and forest products, as well as the 
import of ores, minerals, steel, building materials, fertilizer, and petroleum products for 
Figure 7:  Map of the ports sampled: Churchill, Deception Bay and Iqaluit. 
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distribution in the heartland of Canada and the United States. Churchill is currently the port 
at highest relative invasion risk for the Canadian Arctic since it receives the highest number 
of vessels and volume of ballast discharge, and is environmentally similar to a large 
number of connected source ports with established high risk NIS (as compared to other 
ports in the Arctic) (Chan et al., 2012). Mean values (± SE), between the years 2005–2008 
of annual number of arrivals of international merchant vessels (17.75 ± 1.65) and the 
untreated annual volume of ballast water discharge (157,675 ± 19,409 m3) in Churchill 
were the highest of all Canadian Arctic ports (Chan et al., 2012). 
Deception Bay is located in northern Quebec, and is part of the Hudson complex 
since it is surrounded by the waters of Hudson Strait (Figure 7). Its main activity involves 
shipping from a single-base metal operation that exports nickel concentrate to Quebec 
(Arctic-Council, 2009). A new mining development is scheduled to start exporting ore to 
Finland in 2013, which is expected to increase the shipping traffic in Deception Bay port. It 
is predicted that by 2014, a total of 2.9 Mt will be shipped annually out of this port 
(Gavrilchuk & Lesage, 2014). According to Chan et al. (2012), Deception Bay is in the top 
3 ports receiving the greatest number of arrivals and releasing the greatest volumes of 
untreated ballast water for international and coastal domestic merchant vessels. Mean 
values (± SE), between the years 2005–2008 of the annual number of arrivals of 
international and coastal domestic merchant vessels in Deception Bay were 8.75 ± 4.15 and 
9.50 ± 1.50, respectively (Chan et al., 2012). The values for the volumes of untreated 
ballast water were 8,069 ± 4,020 m3 for international merchant vessels and 60,144 ± 11,852 
m3 for coastal domestic merchant vessels (Chan et al., 2012). This port was also found to 
have high environmental similarity with a large number of its source ports, thus increasing 
the probability of survival of NIS (Chan et al., 2012).  
Iqaluit is located in the Eastern Arctic, at higher latitude than the other ports studied 
and it is situated in the southern portion of Baffin Island on Frobisher Bay (Figure 7). It is 
the capital of Nunavut, the largest community in that province (more than 7,250 habitants) 
and the gateway to the Arctic from Eastern Canada. Tidal amplitude may reach as much as 
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13 meters, and sea ice in Frobisher Bay area consists almost entirely of annual ice which 
does not break up until the middle of July (Ellis & Wilce, 1961; Jacobs & Stenton, 1985). 
The annual volumes of dry goods and petroleum products being shipped to Iqaluit have 
been increasing dramatically and other potential marine activities and tourism have also 
increased since 1980 (Aarluk-Consulting et al., 2005). Iqaluit’s port is being used for 
different activities: dry cargo handling (government, commercial and private use), 
petroleum shipping, fisheries, tourist cruise ships, Canadian Coast Guard, military and 
research vessels, and small craft operators like hunters and fishermen (Aarluk-Consulting et 
al., 2005). Iqaluit was found to have a high level of international and coastal domestic 
merchant vessel arrivals as well as international non-merchant vessel arrivals and is among 
the top ports in the Canadian Arctic for invasion risk via hull fouling (Chan et al., 2012). 
Mean values (± SE), between the years 2005–2008 of the annual number of arrivals of 
international merchant vessels in Iqaluit were 12.00 ± 1.08, of coastal domestic merchant 
vessels were 15.00 ± 1.87, and of international non-merchant vessels were 9.25 ± 1.60 
(Chan et al., 2012).  
Sampling strategies 
 
Surveys for benthic samples were conducted during the summer in 2011 and 2012, 
using the following design: 5 zones per port x 4 elevations per zone (2 intertidal, 2 subtidal) 
x 4 random replicate samples per elevation. The port area and its surroundings, including 
both marine and estuarine habitats, were sampled. Different natural substrates were 
sampled in order to maximize coverage of coastal biodiversity based on shoreline 
characteristics that could be discerned from hydrographic charts and visual observations 
prior to sampling. The sampled elevations included two intertidal (high and low elevation) 
and two subtidal (shallow: 0–10 m, and deep: 10–20 m; at low tide). Random replicate 
samples were collected at each zone-elevation location using a 15 cm high x 10 cm 
diameter core and sieved to a minimum of 500 μm.  The total number of samples collected 
at the port of Iqaluit (n= 46) was lower than in the ports of Churchill and Deception Bay 
(n= 80) due to variation in tidal conditions, weather, and time constraints that limited 
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sampling opportunities at some locations (Table 1). All samples were preserved in 4% 
buffered formalin. 
Table 1: Detail of core samples taken at each port according to zones and replicates. 
Elevation 
Iqaluit Churchill Deception Bay 
Zones Replicates Zones Replicates Zones Replicates 
High intertidal 5 4 5 4 5 4 
Low intertidal Not available 5 4 5 4 
Shallow subtidal 5 4 5 4 5 4 
Deep subtidal 2 4 5 4 5 4 
Total of core samples 48 80 80 
 
Samples were sorted and identified to the lowest taxonomic level possible, using 
updated literature and consulting with specialists, which included sending them samples for 
verification as necessary. All species names were standardized to the World Register of 
Marine Species (WoRMS) (Appeltans et al., 2012a). The term ‘taxa’ refers to species and 
generic-level identifications unless otherwise noted. 
Cross referencing and data analysis 
 
The taxa identified were included in a cross-referencing protocol with the objective of 
detecting taxa that are out of their regular and described known range. This protocol 
included more than 40 references and was designed to allow for comparison of temporal 
changes in species presence through the compilation of a comprehensive historical database 
of benthic species from throughout the Canadian Arctic (See Appendix I). The references 
used included historical primary publications and the following global biodiversity 
databases: Ocean Biogeographic Information System (OBIS, 2013), Arctic Ocean Diversity 
(Sirenko et al., 2010), Global Biodiversity Information Facility (GBIF, 2013) and Sea Life 
Base (Palomares & Pauly, 2013), together with the Smithsonian National Museum of 
Natural History databases (NMNH, 2012). Synonym names available in WoRMS 
(Appeltans et al., 2012a) were also cross referenced with the same protocol when 
necessary. Consulting with specialists on the taxa was done, when possible, regarding 
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taxonomic and distribution characteristics, especially for new records in the region of 
study. 
Five categories were used to define the subregions of closest records for the species 
found in the ports surveyed: 1) ‘within region’: previous records in the exact area where the 
port is located, 2) ‘surrounding region’: no previous records for the exact region where the 
port is situated, but previous records from neighbouring and close areas, 3) ‘Arctic outside 
region’: species’ distribution known from elsewhere in the Canadian Arctic, but not 
specifically in the region of the port surveyed or its vicinity (surrounding region) and/or 
species records found in other neighbouring Arctic ecoregions according to the 
bioregionalization by Spalding et al. (2007), 4) ‘circumpolar/ circumboreal distribution’: 
species that have a wider Arctic distribution and have been found at several locations 
throughout the larger Arctic realm (Spalding et al., 2007), but  have not previously been 
found within the ports surveyed or their surrounding regions, 5) ‘wider distribution, 
including Arctic’: species or genus that show a wide and extended distribution, present in 
other realms as well as in the Arctic realm, but not previously found in the surveyed ports 
or their surrounding regions (Figure 8). This information was used to infer if the occurrence 
of new species was likely due to range expansions, improved survey effort, or possible 
introduction in a particular area. More detailed information from literature searches was 
obtained for taxa corresponding to all categories except for the ones ‘within region’ and 
‘surrounding region’. Extensive lists of NIS available on the web and in research reports 
were consulted to identify if any were present in our species list. 
The category of cryptogenic was given to taxa that were found to be new mentions 
for the whole Canadian Arctic and based on known distributional patterns, and NIS lists 
could not be confidently described as either native or introduced (Carlton, 1996b). 
Unbiased nonparametric estimator of species richness, Chao 2, for replicated 
incidence data (Chao, 1984; Colwell & Coddington, 1994) was used to test adequacy of 
sampling effort in characterizing  biodiversity  in our study sites. It was calculated using 
PRIMER software (Clarke & Gorley, 2006). This method predicts the expected number of 
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species which would be observed for an infinite number of samples by extrapolating, based 
on the number of rare species in the available data. PRIMER was also used to calculate 
resemblance matrices between ports with Bray-Curtis distances in order to see the 
similarities between ports for species composition. 
 
Figure 8: Schematic showing approximate regions corresponding to categories of 
distribution patterns used to define the closest records for the species found in the ports 
surveyed: 1) within region, 2) surrounding region, 3) Arctic outside region, 4) circumpolar/ 
circumboreal, 5) wider distribution, including Arctic. 
RESULTS 
We identified 236 taxa from surveys in the ports of Churchill (Ch), Deception Bay 
(DB) and Iqaluit (Iq) (see Appendix II for the complete list of genus and species). Of the 
taxa identified, 14.4% were not previously recorded within a given port, while 7.2% (17 
taxa, mostly Polychaeta) were not previously recorded from the larger surrounding regions 
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of each port (Table 2). A total of seven species (3%) were records found for the first time in 
Canadian Arctic waters. The most widely represented phylum was Annelida (Polychaeta) 
in all three ports (Ch=56.2%, DB=47.8%, Iq= 44.8%), followed by Arthropoda (Crustacea) 
(Ch=13.5%, DB=18.2%, Iq= 26.4%), and Mollusca (Ch=12.4%, DB=20.1%, Iq= 19.5%) 
Figure 9. The genus and species identified accounted for the 62.7% (n=142), 63.9% 
(n=249), and 62.6% (n=139) of the total taxa identified for Churchill, Deception Bay and 
Iqaluit respectively. Some groups like Oligochaeta, Nematoda, Nemertea and Copepoda 
(Harpacticoida and Calanoida) were not identified further due to the high level of 
specialization required to identify them, even though their presence and abundance were 
high in the three ports. A total of 10.2% of the taxa (mostly polychaetes) were shared 
among the three ports. The similarities between ports for species composition were: SCh-
DB=40.3, SCh-Iq=33 and SDB-Iq=39.8 (where S=0 when samples have no species in common 
and S=100 when they are identical). 
 
Figure 9: Histogram showing the taxonomic composition sampled by core for the ports of 





Table 2: New species records with known closest region distribution and comments about 
presence in the region of study. Port: Churchill (Ch), Deception Bay (DB), Iqaluit (Iq). 
Regions of known distribution: Other Canadian Arctic Regions (CA), West Greenland 
(WG), European/Asian Arctic (EAA), Temperate North America (TNA), Other Temperate 
regions (OT). Category of distribution pattern: Arctic Outside Region (AOR), Circumpolar-
Circumboreal Distribution (CCD), Wider Distribution including Arctic region (WD). 
Origin: Increased Survey Effort (ISE), Cryptogenic (Cr). References: Ocean Biogeographic 
Information System (OBIS), Sea Life Base (SLB).  
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Cr MacDonald et al. (2010), OBIS 
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Appy et al. (1980); Atkinson and 
Wacasey (1989b); Cusson et al. 














   
Cr Oug (2011) 
Owenia borealis Iq  
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Koh and Bhaud (2003); Jirkov 








Knight-Jones et al. (1991); 
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Cr Strelzov (1979); OBIS 





















DB   x  x  Cr 
Lowry and Stoddart (1993); 
Vader et al. (2005) 
Rostroculodes 
schneideri 
DB x  x x  CCD ISE 
Stebbing (1906); Castillo (1976); 




Iq x x x x 
 
CCD ISE Kluge (1975) 
Lichenopora 
crassiuscula 
Iq x x x   CCD ISE Kluge (1975) 
Schizoporella 
crustacea 
DB x x x   CCD ISE Kluge (1975); OBIS 
Ascidiacea 
Heterostigma sp. DB   x x   Cr Van Name (1945); OBIS 
Mollusca 
Axinulus sp. DB x  x x x WD ISE Bernard (1979); OBIS 
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The taxa accumulation plots for individual ports and the three ports combined did not 
reach an asymptote, suggesting that sampling effort is still insufficient for characterizing 
the full extent of biodiversity at these locations (Figure 10). When calculating the species 
richness estimator Chao2 for the three ports combined to estimate expected total species 
numbers, the expected number of species for an infinite number of samples according was 
346.2, exceeding the total number of observed species by almost 32%, clearly showing that 
expected number of genus and species is quite different from what was observed.  
 
Figure 10: Randomized taxa accumulation curves found in sample data gathered from the 
three ports studied. 
Overall, more than 80% of the taxa analyzed had historical records for being ‘within 
region’ (Figure 11). The remaining taxa were previously found in other Arctic regions, 
either in the ‘surrounding’ areas of the ports sampled, ‘Arctic outside region’, ‘circumpolar-
circumboreal’ region or an even ‘wider distribution including Arctic’. The majority of new 
records found are most likely explained by increased survey effort. None of the species 
were found to have only Temperate North America, Asia, or Europe as the closest region 
for previous records. Below we summarize and describe our findings for key taxa, in 
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particular those which represent new records in a given location (for a complete list of 
species and distribution references see Appendix II). 
 
Figure 11: Percentage of species distribution by port, divided in categories of distribution 
patterns: 1) cryptogenic, 2) wider distribution, including Arctic, 3) circumpolar-
circumboreal distribution, 4) Arctic outside region, 5) surrounding region, 6) within region. 
Annelida (Polychaeta) 
 
 Fifty-eight species and 43 polychaete genera were collected. Nine species and one 
genus represent new records within a given port region and adjacent surrounding region 
(Table 2). 
Two species, Streptospinigera niuqtuut (Syllidae) found in Churchill and Deception 
Bay and Pholoe longa (O.F. Müller, 1776) (Pholoidae) found in Deception Bay, had their 
closest previous records in the Canadian Arctic outside the region, but do not appear to 
have a wider Arctic or circumpolar/circumboreal distribution. Interestingly both species 
have also been recorded in temperate regions of North America and/or Europe.  
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One species and one genus had their closest previous records in other Arctic regions, 
including the European and Asian Arctic, the Canadian Arctic and West Greenland; both 
tended to have a more extensive circumpolar-circumboreal distribution. These included 
Paradexiospira (Paradexiospira) violaceus (Levinsen, 1883) (Spirorbidae) found in 
Deception Bay and Syllides sp. Örsted, 1845 (Syllidae) found in Iqaluit, Churchill and 
Deception Bay.  
One species, Bipalponepthys neotena (Noyes, 1980) (Nephtyidae) found in Churchill 
and Deception Bay, had a wider historical distribution, including Temperate North 
American waters (Atlantic and Pacific) and other Arctic regions.  
Five polychaetes species were found for the first time in Canadian Arctic waters, 
having historical records elsewhere. These included Aricidea cf. hartmani Strelzov, 1968 
(Paraonidae) found in Churchill and Deception Bay, Dipolydora socialis group (Schmarda, 
1861) (Spionidae) found in Deception Bay, Lumbrineris cf. zatsepini Averincev, 1989 
(Lumbrineridae) found in Deception Bay, Owenia borealis Koh, Bhaud and Jirkov, 2003 
(Oweniidae) found in Iqaluit and Paraonides nordica Strelzov, 1968 (Paraonidae) found in 
all three ports. Although A. cf. hartmani has previously been found in the Canadian Arctic, 
it was only recently recorded (2010) with uncertainty in its native status, and therefore is 
not considered a historical record.  
Summarizing, most of the polychaetes listed above as being new records within the 
port regions, are unlikely to be non-indigenous since they have been found historically 
widely distributed throughout Canadian Arctic waters and in many cases, also in other 
Arctic or sub-Arctic waters. Exemptions to this are the D. socialis group, L. cf. zatsepini, O. 
borealis and P. nordica that were found for the first time in the Canadian Arctic; and A. cf. 
hartmani that was recently found in Arctic Canada Basin. Given that all these species come 
from complicated taxonomic groups and their distributions are not well known, we have 
classified them as cryptogenic, as is already the case for the D. socialis group, which has 
previously been reported as cryptogenic in USA Pacific waters (Table 3). 
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Five polychaete species having historical records within the port region and 
considered to be in their native range were found in different NIS lists in other parts of the 
world as cryptogenic, questionable status or established species (Table 3).   
 
Table 3: List of species present in this survey reported as established NIS, cryptogenic or 




Status in other regions References 
Celleporella hyalina Native Cryptogenic in  Alaska Ruiz et al. (2006) 
Dipolydora socialis Cryptogenic Cryptogenic in Australia – USA Pacific Hayes et al. (2005); Boyd et al. 
(2002) 
Dipolydora quadrilobata Native Cryptogenic in North Atlantic / North 
Pacific 
Hines et al. (2000a) 
Harmothoe imbricata Native Established? / cryptogenic in USA 
Atlantic 
Ruiz et al. (2000) 
Nephtys ciliata Native Questionable in Black Sea Gomoiu et al. (2002) 
Glycera capitata Native Questionable in Black Sea Gomoiu et al. (2002) 
Opercularella lacerata Native  Cryptogenic in Alaska Hines et al. (2000b) 




Forty-five arthropod taxa were collected. Two species, Onisimus sextoni group 
Chevreux, 1926 (Uristidae) and Rostroculodes schneideri (Sars G.O., 1895) 
(Oedicerotidae), were found in Deception Bay and represent new records within the port 
region and adjacent surrounding region (Table 2). R. schneideri has previously been found 
in other Arctic regions, including Canada, Europe, and Asia, extending into temperate areas 
along the Canadian north-Atlantic coast; thus, it is unlikely to be non-indigenous to the 
region. The case is different for O. sextoni group. This group appears to have a 
circumpolar-circumboreal distribution given that it has been recorded in high-latitude 
northern seas, Greenland, Iceland and Norway. However, given that the information on the 
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distribution of this genus is limited and this is the first record of its occurrence in Canadian 
Arctic waters, we have categorized it as cryptogenic. 
Brachiopoda 
Only one species of Brachipoda was collected, Hemithiris psittacea (Gmelin, 1790) 
(Hemithirididae) found in Churchill, and is already known to occur within the port region. 
Bryozoa 
Nineteen bryozoans were identified. Three species represent new records within the 
ports regions and the adjacent surrounding region. These included Einhornia arctica (Borg, 
1931) (Electridae) found in Iqaluit, Lichenopora crassiuscula Smitt, 1867 (Lichenoporidae) 
found in Iqaluit and Schizoporella crustacea (Smitt, 1868) (Schizoporellidae) found in 
Deception Bay (Table 2). These species have, however, been found in other Arctic regions 
(Archipelago of Canadian Islands, Davis Strait and West Greenland, including European 
Arctic), showing a circumpolar-circumboreal distribution. Thus, these species are unlikely 
to be non-indigenous to the region. 
One bryozoan, Celleporella hyalina (Linnaeus, 1767) (Hippothoidae), having 
historical records within the port region and considered to be in their native range, was 
found on an NIS list elsewhere in the world as cryptogenic (Table 3). 
Cephalorhyncha (Priapulida) 
Two species and one genus of the Priapulidae family were found: Halicryptus 
spinulosus von Siebold, 1849 in Churchill, Priapulus caudatus Lamarck, 1816 in 
Deception Bay, and Priapulus sp. Lamarck, 1816 in Deception Bay. These taxa are known 
to be native and had previously been found historically within the region of each port.  
Chordata (Ascidiacea) 
Four taxa of sea squirts were identified. Three of them are known to occur within the 
port regions for Churchill and Deception Bay. The fourth species, Heterostigma sp. 
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Ärnbäck-Christie-Linde, 1924 (Pyuridae), was new to the Deception Bay port region and 
adjacent surrounding areas (Table 2). This genus is likely to have a circumpolar-
circumboreal distribution since it has been recorded from Norway and is described as 
having a wide Arctic distribution, reaching the Atlantic coast of North America. However, 
given that the information on the distribution of this genus is limited and this is the first 
record of its occurrence in Canadian Arctic waters, we have categorized it as cryptogenic.  
Cnidaria 
Four species of cnidarians were collected between Churchill and Deception Bay, and 
four specimens were identified to genus level between Iqaluit and Deception Bay samples. 
All specimens of Cnidaria had previously been found in the region of each port as well as 
in the larger surrounding region since they had been previously identified in the Hudson 
Complex, and are known to be native to the region. 
One cnidarian, Opercularella lacerata (Johnston, 1847) (Campanulinidae), having 
historical records within the port region and considered to be in their native range, was 
found on an NIS list elsewhere in the world as cryptogenic (Table 3).   
Echinodermata 
Five echinoderm taxa were identified. All of them are known to be distributed 
throughout the area and have been frequently found historically within the port regions or 
adjacent surrounding regions.  
Mollusca 
Forty-five molluscan taxa were identified among the three ports. One genus, Axinulus 
sp. Verrill and Bush, 1898 (Thyasiridae), represents a new record within the Deception Bay 
port region and adjacent surrounding region. This genus is known for having an Arctic 
distribution, including Canadian Arctic and Alaska, extending into temperate areas along 
the north Atlantic and the Mediterranean Sea (Table 2). Thus this genus is unlikely to be 
non-indigenous to the region. 
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DISCUSSION 
This study provides the first published benthic invertebrate survey for NIS in coastal 
regions of the Canadian Arctic (the longest coastline in the world) that incorporates 
historical survey information in order to identify new records. Approximately 15% of the 
taxa identified can be considered new records within the port regions surveyed and 
approximately 8% within the more extensive adjacent surrounding regions based on our 
criterion for cross referencing and comparing current and historical species lists. The most 
likely explanation for the majority of these new occurrences is increased survey effort in 
the various study locations, which is supported by our species accumulation curves that 
showed a much higher expected total number of species that the number actually observed. 
Taxa that were new for a given port, but were previously recorded in the surrounding 
region, are clearly the effect of increased survey effort. The occurrence of taxa that were 
previously recorded outside the surrounding region can also be explained with the same 
hypothesis when looking at their distribution patterns. It is likely that these species 
occurred previously in the region of study but were not sampled or identified due to the low 
sampling effort in the region. Further sampling would be expected to increase the number 
of taxa known to occur in the entire study area. Our results suggest that the coastal region 
of the Canadian Arctic might be much richer that we indicate here. The very low survey 
effort in the Arctic, the underestimated diversity, and expected increases in activity in the 
Arctic means a comprehensive understanding of marine biodiversity is more important 
today than ever (Archambault et al., 2010; MacDonald et al., 2010; Carr, 2012; Snelgrove 
et al., 2012). We identified one ascidia, Heterostigma sp., one amphipod, Onisimus sextoni 
group, and several polychaetes that represent new mentions for the Canadian Arctic, 
including: Aricidea cf. hartmani, Dipolydora socialis group, Lumbrineris cf. zatsepini, 
Owenia borealis and Paraonides nordica. These taxa have distributions elsewhere in the 
Arctic realm and in some cases within temperate waters (Van Name, 1945; Strelzov, 1979; 
Lowry & Stoddart, 1993; Dahle et al., 1998; Koh & Bhaud, 2003; Vader et al., 2005; 
MacDonald et al., 2010; Oug, 2011; Jirkov & Leontovich, 2012); however, distributional 
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information is sporadic at best. Generally speaking, historical records for the majority of 
species in most shallow-water communities are unavailable (Carlton, 1996b); hence, the 
fact that they have never been described for the Canadian Arctic may be a consequence of 
lack of sampling efforts. It has, however, been recommended that the discovery of 
previously unrecognized species in regions impacted by ballast water release should be 
viewed critically as potential invasions (Carlton & Geller, 1991). Hence, as a result of the 
limited distributional information and the lack of population genetics information, we 
cannot confidently categorize these taxa as native or introduced and have therefore 
classified them as cryptogenic. Recent use of molecular techniques may help resolve some 
cryptogenic invasions, especially those involving sibling species complexes (Geller, 1996). 
Indeed, of note, is that one of these taxa, the D. socialis group, is already considered to be a 
cryptogenic species in Australia and in some places in the Northeast Pacific (Boyd et al., 
2002; Hayes et al., 2005). Also of note is the case of A. cf. hartmani, which has been 
collected in the Canada Basin by MacDonald et al. (2010). They explain that it is likely that 
this species has not been sampled before due to low sampling effort, but they postulate that 
its presence could also be due to range changes that have occurred because of climate 
change, dispersal of organisms through ballast water, or other mechanisms. Further 
research will be required to better understand the status of all of these cryptogenic taxa. 
Among the major taxonomic groups we identified by the core sampling, the 
polychaetes were the most diverse and abundant in all three ports and were the group for 
which we found the highest numbers of new records. There are also a number of interesting 
notes regarding the new records for this taxonomic group. Recently, Olivier et al. (2013) 
described a new Syllidae species, Streptospinigera niuqtuut, in the Canadian High Arctic 
archipelago and the northern Atlantic coast of the United States. Until now, it was only 
found in deeper stations (≥ 175 m), but we collected S. niuqtuut in shallow coastal waters 
(e.g., 10.6 m in the Deception Bay port).  
Groups like Oligochaeta, Nematoda, Nemertea and Copepoda (Harpacticoida and 
Calanoida) were present and in high abundance in most of our samples. This is consistent 
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with other studies which have shown these groups to be highly abundant. For example, 
(Giere, 2008) found that in meiofaunal samples, the number of species of nematodes often 
exceeded that of the other groups put together by an order of magnitude. Aside from 
nematodes, harpacticoid copepods are usually the next most abundant meiobenthic animal 
in marine samples (Giere, 2008). Given this information, it is clear that we are missing a 
large part of the biodiversity in our sample analyses. However, these taxonomic groups 
require a high level of specialization to identify them morphologically, and genetic methods 
are frequently the only adequate means for achieving taxonomic distinction. Approximately 
950 species of harpacticoid copepods belonging to 13 families are known to have invaded 
freshwater biotopes (Giere, 2008), but for the other groups invasions are rarely reported 
(Rilov & Crooks, 2008). This does not necessarily mean that invasions have not occurred, 
but may be related to the phenomenon referred to as the “smalls rule of invasion ecology,” 
defined as an inverse correlation of body size with the ability to be recognized as non-
native (Carlton, 2009). These groups we are referring to here could easily be part of this 
phenomenon, raising concerns about the potential consequences of actually having NIS, but 
not being able to detect them for lack of information or adequate tools.  
We have highlighted that the coastal region of the Canadian Arctic is likely to be at 
risk for introductions of NIS, but we also need to realize that the species native to the 
Arctic can also be non-indigenous elsewhere in the world, especially with the increasing 
shipping activity expected in the future (Smith & Stephenson, 2013). Eight species found in 
our sampling have been found to be established NIS (non-native species with self-
maintaining populations), cryptogenic, or have a questionable status somewhere else in the 
world (Table 3) (Carlton, 1996b). All of these polychaetes, except one (Dipolydora socialis 
group), are within their historical native range. The knowledge that there are species in their 
native range in the Arctic that are on NIS lists in other parts of the world, poses a different 
point of view. Chan et al. (2013) emphasize the importance of estimating the relative 
invasion risk at major ports and identify risky transit pathways for the Canadian Arctic, and 
Casas-Monroy et al. (2014) indicate that it is unlikely that the Canadian Arctic serves as a 
source of NIS to other locations because the volume of ballast water leaving the Canadian 
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Arctic to be dumped elsewhere is very low compared to other Canadian regions. Our 
findings, however, suggest we also need to explore a different perspective and be aware 
that the Arctic could be a potential source of NIS for ports elsewhere in the world, 
increasing the importance of establishing a baseline for these areas of the ocean. 
Locke and Hanson (2009) propose a framework for rapid response for non-
indigenous aquatic species in Canada that includes a series of pre- and post- invasion 
actions. One of the pre-invasion planning steps is the detection phase where they suggest 
conducting ecological inventories when necessary to establish baseline information on 
native and NIS populations. In order to determine if a species has newly arrived in a 
location, they state that it is absolutely necessary to know what was previously present. In 
order to do that, monitoring surveys should be designed to provide several years of baseline 
information for poorly studied areas or taxa. Our work clearly shows that we are still 
missing much of the baseline information required for even identifying which species are 
native. We found 34 new records within the three ports studied, which accounts for 14.4% 
of taxa found. Thus, we are still in one of the first stages in a pre-invasion framework. This 
highlights the importance of baseline studies such as this one, especially in remote places 
with a risk of invasion in the future. Since preventing the introduction of NIS remains the 
most effective course of management (Sylvester et al., 2011), surveys aimed at detecting 
incipient invasions are critical given that any kind of intervention can only proceed after an 
alien invasion has been detected (Bogich et al., 2008). 
The number of non-indigenous species reported in Polar Regions is low compared 
with other temperate regions (Elrich et al., 1989; Niimi, 2004; Ruiz & Hewitt, 2009) and 
may, in part, be due to insufficient research effort (Niimi, 2004; Ruiz & Hewitt, 2009). 
Nevertheless, we cannot take for granted that Polar Regions are exempt from introductions 
(Ashton et al., 2008b; Ruiz & Hewitt, 2009; Smith et al., 2011; Lassuy & Lewis, 2013). 
Currently, access to Arctic ports is limited by a short navigation season but prospects for a 
longer navigation season are likely to improve with predicted future temperature and ice-
free season increases, particularly at higher latitudes (Vermeij & Roopnarine, 2008; Smith 
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& Stephenson, 2013). Under this scenario, the risk of introduction increases in Arctic 
regions (Cheung et al., 2009; Ware et al., 2014).  
The Canadian Arctic is a vast region with a very high potential for resource 
exploitation. More than 25 large-scale marine-development projects are expected to be 
operational by 2020 in Canada’s North, which would represent up to 433 shipments per 
year (mining developments only), and the region is expected to experience an 
unprecedented increase in industrial development over the next 10 years (Gavrilchuk & 
Lesage, 2014). At the same time, we know that this large region has undersampled 
coastlines, especially for invertebrate benthic fauna, whose distributions are still 
incompletely known. New species and distributions continue to be described (Olivier et al., 
2013). Our study provides a benchmark for early detection for benthic invertebrates in 
coastal port regions of the Canadian Arctic and for the Arctic itself. It also demonstrates the 
importance of generating representative baseline data. Monitoring surveys and early 
detection efforts involve significant costs and are highly labor intensive but provide a great 
opportunity for identifying native and introduced taxa, crucial to analyzing the changes 
taking place along one of the longest coastlines in the world. While the present survey did 
not detect any known non-indigenous species, we encourage more studies like this one 
since significant discoveries are likely to be made regarding both native and non-
indigenous species. 
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APPENDIX I: REFERENCES HISTORICAL DATABASE 
Complete list of all references used in the cross referencing protocol for comparison of 
temporal changes in species presence through comprehensive historical database of benthic 
species from throughout the Canadian Arctic. 
References References 
Aitken and Gilbert (1986) Olivier et al. (2013) 
Aitken et al. (1988) Osburn (1932) 
Atkinson and Wacasey (1989a) Oug (2011) 
Atkinson and Wacasey (1989b) Pettibone (1956) 
Atkinson and Wacasey (1989c) 
Appy et al. (1980) 
Pettibone (1992) 
Piepenburg et al. (2011) 
Baker (1989) 
Baker et al. (1994)  
Berkeley and Berkeley (1943) 
Pocklington (1989) 
Powell (1968) 
Ramos et al. (2010) 
Bernard (1979) 
Blake and Dean (1973) 
Blake (1991) 
Conover and Stewart (1978) 
Ellis (1957) 
Ellis (1960) 
Samuelson (2001)  
Stebbing (1906) 
Strelzov (1979) 
Thomson et al. (1986) 
Vader et al. (2005) 
Van Name (1945) 
Grainger (1954) 
Helgason et al. (1990) 
Jirkov and Leontovich (2012) 
Kennedy (1985) 
Koh and Bhaud (2003) 
Kluge (1975) 
Knight-Jones et al. (1991) 
Lawrence and Baker (1995) 
Lowry and Stoddart (1993) 
MacDonald et al. (2010) 
Wacasey (1979) 
Wacasey et al. (1980) 
Wesenberg-Lund (1950)  
Ocean Biogeographic Information System 
(OBIS) 
Arctic Ocean Diversity (ArcOD) 
Sea Life Base (SLB) 
Global Biodiversity Information Systems 
(GBIF) 












APPENDIX II: GENUS AND SPECIES IN CORE SAMPLES (IQALUIT, CHURCHILL AND 
DECEPTION BAY) 
Complete list of all genus and species identified in alphabetic order. Authors, ports where 
they were found, closest region for previous records, category of distribution pattern, 
comments about the probable origin and references are reported. Category of distribution 
pattern: Within Region (WR), Surrounding Region (SR), Arctic Outside Region (AOR), 
Circumpolar-Circumboreal Distribution (CCD), Wider Distribution including Arctic region 
(WD). Origin: Increased Survey Effort (ISE), Cryptogenic (Cr). References: Ocean 
Biogeographic Information System (OBIS), Sea Life Base (SLB), Global Biodiversity 











Category  Origin Reference  
Annelida - Polychaeta               
Ampharete acutifrons 
(Grube, 1860) 
  x   Hudson complex WR   
Atkinson and 
Wacasey (1989c), 
Cusson et al. (2007), 
SLB, ArcODiv 
Ampharete finmarchica 
(M. Sars, 1864) 
x   x 
Baffin Frobisher 
Bay - Hudson 
complex 




(1950),  Grainger 
(1954), Pettibone 






    x Hudson complex WR   
Wacasey et al. 




x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989c), 
Cusson et al. (2007), 
SLB 
Aphelochaeta sp. 1 
Blake, 1991 







Blake (1991), OBIS, 
ArcOD, GBIF 
Apistobranchus 
tullbergi (Théel, 1879) 
    x Hudson complex WR   SLB, ArcOD 
                                                 
1 Aphelochaeta may have been reported previously as Tharyx. It was considered in the "within region" category because Tharyx is native to the region. 












Category  Origin Reference  
Arenicola marina 
(Linnaeus, 1758) 
  x   Hudson complex WR   OBIS, ArcOD 
Aricidea cf. hartmani 
Strelzov, 1968 
  x x 
Barents Sea,  
High Canadian 
Arctic 
  Cr 
MacDonald et al. 
(2010), OBIS 
Aricidea nolani 
Webster & Benedict, 
1887 
x   x Frobisher Bay WR   
Pocklington (1989), 
OBIS 
Aricidea sp. Webster, 
1879 
x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 










x   x 
Davis Strait - 
Hudson complex  





Cusson et al. (2007), 
OBIS, SLB 
Bipalponephtys 
neotena (Noyes, 1980) 
  x x 
Beaufort Sea, 
White Sea, Gulf 
St. Lawrence, 
Bay of Fundy 
WD ISE 
Appy et al (1980), 
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
MacDonald et al. 
(2010), OBIS 
Brada villosa (Rathke, 
1843) 
x     Frobisher Bay WR   




x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 




x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Cusson et al. 
(2007), OBIS, SLB 
Chaetozone sp. 
Malmgren, 1867 
x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey (1979), 
OBIS 
Chone sp. Krøyer, 
1856 
x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 













Category  Origin Reference  
Circeis spirillum 
(Linnaeus, 1758) 





  x x Hudson complex WR   




  x   Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007) 
Cossura sp. Webster & 
Benedict, 1887 
    x Hudson complex WR   
Atkinson and 
Wacasey (1989b), 




  x x Hudson complex WR   





x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   









  Cr 
Dahle et al. (1998), 
OBIS, SLB, ArcOD 
Dipolydora sp. Verrill, 
1881 
    x Hudson complex WR   
Smithsonian, SLB, 
ArcOD 
Erinaceusyllis sp. San 
Martín, 2005 
    x Hudson complex WR   SLB, ArcOD 
Eteone sp. Savigny, 
1818 
x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 




Cusson et al. 




x     Frobisher Bay WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 









Cusson et al. (2007), 
SLB 












Category  Origin Reference  
Euchone sp. 
Malmgren, 1866 
x     Frobisher Bay WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Cusson et al. 
(2007) 
Eusyllis sp. Malmgren, 
1867 
    x Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 
Exogone (Exogone) 
nadina Örsted, 1845 




hebes (Webster & 
Benedict, 1884) 











longicirris (Webster & 
Benedict, 1887) 
x x x 
West Greenland 
Shelf,  Iceland, 
Subarctic Europe, 
Maine USA 
  Cr 
Helgason et al. 
(1990), OBIS,  
Exogone sp. Örsted, 
1845 
  x   Hudson complex WR   
Atkinson and 
Wacasey (1989b), 




  x   Hudson complex WR   




  x   Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 
Gattyana sp. McIntosh, 
1897 
  x   Hudson complex WR   
Atkinson and 
Wacasey (1989b), 




  x x Hudson complex WR   OBIS, SLB, ArcOD 
Glycera sp. Savigny, 
1818 
  x   Hudson complex WR   OBIS, SLB, ArcOD 
Harmothoe imbricata 
(Linnaeus, 1767) 
  x   
Baffin Frobisher 
Bay - Hudson 
complex 









x x   
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 















Category  Origin Reference  
Wacasey (1989c), 
Cusson et al. (2007), 
OBIS 
Lanassa sp. Malmgren, 
1866 
  x   Hudson complex WR   
Wacasey (1979), 
Cusson et al. (2007) 
Laonome kroyeri 
Malmgren, 1866 
    x Hudson complex WR   SLB, ArcOD 
Laphania boecki 
Malmgren, 1866 
x     Frobisher Bay WR   
Wacasey et al. 










  Cr Oug (2011) 
Lysippe labiata 
Malmgren, 1866 
    x Hudson complex WR   
Atkinson and 
Wacasey (1989c), 
Cusson et al. (2007), 
OBIS, SLB 
Lysippe sp. Malmgren, 
1866 
    x Hudson complex WR   
Atkinson and 
Wacasey (1989c), 





    x Hudson complex WR   
Baker (1989), 
ArcOD 
Manayunkia sp. Leidy, 
1859 





  x   Hudson complex WR   
Atkinson and 
Wacasey (1989c), 
Cusson et al. (2007), 
OBIS   
Microphthalmus 
aberrans (Webser & 
Benedict, 1887) 
  x   Hudson complex WR   SLB 
Microphthalmus sp. 
Mecznikow, 1865 
x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Cusson et al. 
(2007),  SLB 
Microspio sp. Mesnil, 
1896 
  x   
Baffin Frobisher 
Bay   
SR ISE 
Wacasey (1979), 
Wacasey et al. 
(1980), Cusson et al. 
(2007) 
Myrianida prolifer 
(O.F. Müller, 1788) 
  x   Hudson complex WR   OBIS, ArcOD 












Category  Origin Reference  
Nephtys ciliata 
(Müller, 1788) 
x x   
Baffin Frobisher 
Bay - Hudson 
complex 








  x   Hudson complex WR   
Cusson et al. (2007), 
SLB 
Nereimyra sp. 
Blainville, 1828  
    x Hudson complex WR   
Wacasey et al 
(1976), Atkinson and 
Wacasey (1989c), 
OBIS, SLB 
Nereis sp. Linnaeus, 
1758 




Wacasey (1989c),  




x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Ellis (1957), Aitken 




Cusson et al. (2007), 
OBIS, SLB 
Ophelia sp. Savigny, 
1822 
    x Hudson complex WR   
Ellis (1957), Aitken 














Cusson et al. (2007)  
Owenia borealis Koh, 
Bhaud & Jirkov, 2003 






  Cr 
Koh and Bhaud 











CCD  ISE 
Wesenberg-Lund 
(1950), Knight-Jones 
et al. (1991), Cusson 




x x x 
West Greenland 
Shelf / Barents 
Sea 















Category  Origin Reference  
Paraonis sp. Cerruti, 
1909 
  x   Hudson complex WR   
Atkinson and 
Wacasey (1989c), 
Cusson et al. (2007)  
Pholoe longa (O.F. 
Müller, 1776) 

















Pholoe sp. Johnston, 
1839 
x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989c), 





    x Hudson complex WR   










  x x Hudson complex WR   
Cusson et al. (2007), 
OBIS 
Praxillella affinis (M. 
Sars in G.O. Sars, 
1872) 
x     Frobisher Bay WR   





x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 




Cusson et al. (2007), 
OBIS, SLB 
Praxillella sp. Verrill, 
1881 
x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Berkeley and 
Berkeley (1943), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 




x     Frobisher Bay WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
SLB 












Category  Origin Reference  
Prionospio sp. 
Malmgren, 1867 
x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al 1979, 
Wacasey et al 1980, 
Atkinson and 
Wacasey 1989a, 




  x x Hudson complex WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989a), 
Cusson et al. (2007), 
OBIS 
Procerea sp.    x   Hudson complex WR   




  x x Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
SLB 
Rhodine sp. Malmgren, 
1865 
    x Hudson complex WR   
Wacasey et al. 
(1976), Conover and 
Stewart (1978),  
Cusson et al. (2007), 
OBIS, SLB 
Sabellides octocirrata 
(M. Sars, 1835) 
x     Frobisher Bay WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 




x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 




Cusson et al. (2007), 
OBIS, SLB 
Schistomeringos caeca 
(Webster & Benedict, 
1887) 
  x x Hudson complex WR   SLB, ArcOD 
Scoletoma cf. fragilis 
(O.F. Müller, 1776) 
x   x Hudson Bay    





















Category  Origin Reference  
Scoloplos armiger 
group Blainville, 1828 
x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Aitken and 
Gilbert (1986), 






Wacasey (1989c),  




x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Aitken and 
Gilbert (1986), 





Cusson et al. (2007), 
OBIS, SLB 
Spio filicornis (Müller, 
1776) 
x x   
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Cusson et al. 
(2007), Smithsonian, 
OBIS, SLB 
Spio sp. Fabricius, 
1785 
x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Cusson et al. 
(2007), Smithsonian, 
OBIS, SLB 
Spiophanes sp. Grube, 
1860 
x     Davis Strait SR ISE 
Cusson et al. (2007), 
OBIS 
Spirorbis sp. Daudin, 
1800 
    x Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS 
Streptospinigera 
niuqtuut Olivier, San 
Martin & Archambault, 
2013 
    x 
Canadian High 
Arctic and North 
Atlantic coast of 
United States. 
Also in western 
Sweden 
AOR ISE Olivier et al. (2013) 
Syllides sp. Örsted, 
1845 




Arctic. Arctic and 
subarctic region 
CCD  ISE 
Ramos et al. (2010), 
OBIS, GBFI 
Syllis sp. Lamarck, 
1818  
    x Hudson complex WR   
Smithsonian, OBIS, 
SLB 
Terebellides sp. Sars, 
1835 
    x Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 












Category  Origin Reference  
Terebellides stroemii 
Sars, 1835 
  x x Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 
Tharyx sp Webster & 
Benedict, 1887 





Cusson et al. (2007) 
Thelepus cincinnatus 
(Fabricius, 1780) 
x     Frobisher Bay WR   




x   x 
Baffin Frobisher 
Bay - Hudson 
complex 






              
Akanthophoreus 
gracilis (Krøyer, 1842) 
x     Hudson complex SR ISE 
Cusson et al. (2007), 
ArcOD 
Ampelisca sp. Krøyer, 
1842 
x     Frobisher Bay WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Cusson et al. 
(2007) 
Anonyx nugax (Phipps, 
1774) 
x x   
Baffin Frobisher 
Bay - Hudson 
complex 
WR   





(Rathbun, 1902)  
    x Hudson complex WR   
Cusson et al. (2007), 
OBIS, SLB 
Caprella sp. Lamarck, 
1801 
    x Hudson complex WR   




    x Hudson complex WR   
Atkinson and 
Wacasey (1989b), 





    x Hudson complex WR   
Conover and Stewart 




  x   Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
SLB 
Diastylis sp. Say, 1818   x   Hudson complex WR   
Atkinson and 
Wacasey (1989b), 













Category  Origin Reference  
SLB 
Ektonodiastylis robusta 
Gerken, Watling & 
Klitgaard, 2000 
    x Hudson complex WR   SLB 
Eugerda tenuimana 
(Sars G.O., 1868)  










x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Ellis (1957), Aitken 
and Gilbert (1986), 
Atkinson and 
Wacasey (1989b), 




x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Ellis (1957), Aitken 
and Gilbert (1986), 
Atkinson and 
Wacasey (1989b), 





    x Hudson complex WR   OBIS, SLB, ArcOD 
Guernea sp. Chevreux, 
1887 
    x Hudson complex WR   OBIS, SLB 
Hardametopa carinata 
(Hansen, 1887) 
  x x Hudson complex WR   OBIS 
Harpinia propinqua 
Sars, 1891 
x     Frobisher Bay WR   SLB, ArcOD 
Lamprops fuscatus 
Sars, 1865 
x x   
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007) 
Monoculodes borealis 
Boeck, 1871 
x     Frobisher Bay WR   
Cusson et al. (2007), 
SLB 
Monoculodes 
schneideri Sars, 1895 
    x 
White Sea and 
Arctic Ocean, 
Beaufort Sea, 




















Category  Origin Reference  
Monoculodes sp. 
Stimpson, 1853 
    x Hudson complex WR   





x     Frobisher Bay WR   




x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 




    x Hudson complex WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 




x     Frobisher Bay WR   
Ellis (1957), Ellis 
(1960), Cusson et al. 
(2007), OBIS, SLB 
Oediceros borealis 
(Boeck, 1871) 
x     Frobisher Bay WR   




x     Frobisher Bay WR   
Atkinson and 
Wacasey (1989b), 
OBIS   
Onisimus litoralis 
group (Krøyer, 1845) 
x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
 Aitken and Gilbert 
(1986), Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 
Onisimus sextoni group 
Chevreux, 1926 




  Cr 
Lowry and Stoddart 
(1993), Vader et al. 
(2005) 
Orchomenella sp. Sars, 
1890  
    x Hudson complex WR   OBIS 
Paroediceros lynceus 
(Sars, 1858) 
x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 
Photis sp. Krøyer, 
1842 
x     Frobisher Bay WR   
Wacasey (1979), 
Cusson et al. (2007) 
Phoxocephalus holbolli 
(Krøyer, 1842) 
x     Frobisher Bay WR   




x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Aitken and Gilbert 
(1986), Aitken et al. 
(1988), Atkinson and 
Wacasey (1989b), 


















    x Hudson complex WR   




x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey (1979), 




x x   
Baffin Frobisher 
Bay - Hudson 
complex 








x     Frobisher Bay WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 




              
Balanus crenatus 
Bruguière, 1789 




Lawrence and Baker 
(1995), Cusson et al. 
(2007), MacDonald 




              
Philomedes sp. 
Liljeborg, 1853 
x     Frobisher Bay WR   
Wacasey (1979), 
Wacasey et al. 




  x x Hudson complex WR   OBIS, ArcOD 
Sarsicytheridea sp.  x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   OBIS, ArcOD 
Brachiopoda - 
Rhynchonellata 
              
Hemithiris psittacea 
(Gmelin, 1790) 
  x   Hudson complex WR   
Atkinson and 
Wacasey (1989b), 








x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007) 












Category  Origin Reference  
Callopora sp. Gray, 
1848 






  x   Hudson complex WR   Kluge (1975) 
Cellepora sp. 
Linnaeus, 1767 





  x x Hudson complex WR   
Osburn (1932), 
Powell (1968), 




x     
Barents Sea, West 
Greenland. North 
America and the 
Archipelago of 
Canadian Islands. 
CCD ISE Kluge (1975) 
Escharoides sp. Milne 
Edwards, 1836 
    x Hudson complex WR   Powell (1968) 
Eucratea loricata  
(Linnaeus, 1758) 
  x   Hudson Bay 















x     





CCD ISE Kluge (1975) 
Myriapora sp. de 
Blainville, 1830 
    x 
Arctic 
distribution,  
European Arctic  
CCD ISE 
Kluge (1975), OBIS, 
SLB 
Porella sp. Gray, 1848   x   Hudson complex WR   Cusson et al. (2007) 
Rhamphostomella sp. 
van Lorenz, 1886 
    x Hudson complex WR   
Osburn (1932), 
Powell (1968), 
Cusson et al. (2007) 
Schizoporella 
crustacea (Smitt, 1868) 






CCD ISE Kluge (1975), OBIS 
Schizoporella sp. 
Hincks, 1877 






















Category  Origin Reference  
Cephalorhyncha - 
Priapulida 
              
Halicryptus spinulosus 
von Siebold, 1849 
  x   Hudson complex WR   OBIS, SLB, ArcOD 
Priapulus caudatus 
Lamarck, 1816 
    x Hudson complex WR   




              
Boltenia echinata 
(Linnaeus, 1767) 














    x 
Norway, Arctic 
distribution 
  Cr 
Van Name (1945), 
OBIS 
Molgula griffithsii  
(MacLeay, 1825) 
  x   Hudson complex WR   
Cusson et al. (2007), 
Smithsonian, OBIS, 
SLB 
Cnidaria - Hydrozoa               
Campanularia sp. 
Lamarck, 1816  
    x Hudson complex WR   





  x   Hudson complex WR   SLB, ArcOD 
Filellum serpens 
(Hassall, 1848) 
    x Hudson complex WR   SLB, ArcOD 












Category  Origin Reference  
Lafoea sp. Lamouroux, 
1821 
    x Hudson complex WR   Smithsonian, SLB 
Lafoeina maxima 
Levinsen, 1893 





  x   Hudson complex WR   SLB, ArcOD 
Sertularia sp. 
Linnaeus, 1758 
x      Hudson Bay SR ISE Baker (1989) 
Echinodermata - 
Ophiuroidea 




x     Frobisher Bay WR   
Atkinson and 
Wacasey (1989b), 




  x   Hudson complex WR   OBIS, SLB, ArcOD 
Ophiura robusta 
(Ayres, 1854) 
  x x Hudson complex WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
Smithsonian, OBIS, 
SLB 
Ophiura sp. Lamarck, 
1801 
x x   
Baffin Frobisher 
Bay - Hudson 
complex 









x     Frobisher Bay WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
Smithsonian, OBIS, 
SLB 

















x   x 
North Baffin 
Island / West 
Greenland Shelf 
SR ISE Ellis (1957), OBIS 
Astarte montagui 
group (Dillwyn, 1817) 





Cusson et al. (2007), 
SLB 
Astarte sp. J. de C. 
Sowerby, 1816 





Cusson et al. (2007), 
OBIS  
Axinopsida orbiculata 
(Sars G. O., 1878) 
x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 




Cusson et al. (2007), 
OBIS, SLB 
Axinopsida sp Keen & 
Chavan in Chavan, 
1951 
    x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 
Axinulus sp. Verrill & 
Bush, 1898  





















x      Hudson Bay SR ISE Bernard (1979), SLB 
Ennucula tenuis 
(Montagu, 1808) 
x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 








x x x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 
(1980), Aitken and 
Gilbert (1986), 
Aitken et al. (1988), 
Atkinson and 
Wacasey (1989b), 




x     Frobisher Bay WR   
Cusson et al. (2007), 
OBIS 












Category  Origin Reference  
Macoma balthica 
(Linnaeus, 1758) 
  x   Hudson complex WR   
Cusson et al. (2007), 
SLB 
Macoma sp Leach, 
1819 
    x Hudson complex WR   




x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 








x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Wacasey et al. 















Cusson et al. (2007), 
SLB 
Mya sp. Linnaeus, 
1758 
x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Ellis (1957), Ellis 
(1960), Aitken and 
Gilbert (1986), 









x   x 
Baffin Frobisher 
Bay - Hudson 
complex 
WR   
Ellis (1957), Ellis 
(1960), Aitken and 
Gilbert (1986), 
Aitken et al. (1988), 
Cusson et al. (2007), 
OBIS, SLB 
Mytilus sp. Linnaeus, 
1758 










APPENDIX III: GENUS AND SPECIES IN CORE SAMPLES (STEENSBY INLET) AND IN 
QUADRAT SAMPLES (CHURCHILL, DECEPTION BAY AND STEENSBY INLET) 
This appendix compiles information on two sets of data that were not included in the 
publication on Aquatic Invasions (Goldsmit et al., 2014) due to time constrains. 
Nevertheless, they are presented here since they are data that have been obtained as a result 
of this thesis. Potential publication of the data is possible, probably as a report analyzing 
these results. Data obtained is presented in this appendix and includes: 
1. Core samples taken in field work during the summer 2012 with the same 
sampling technique and sampling design as explained in Goldsmit et al. (2014), 
but for Steensby Inlet (Nunavut).  
Located at 70.2° N, Steensby Inlet is situated north of Foxe Basin in Nunavut. 
This was the proposed port site of one of the largest mining developments to date 
in the Arctic, the Baffinland Mary River Project. It is estimated that the deposit at 
Mary River contains approximately 375 million tonnes of reserve with a mine life 
of 21 years. This major mining development was approved in accordance with 
terms and conditions by the Nunavut Impact Review Board (http://www.nirb.ca/) 
and it was proposed to be constructed by 2016. It was estimated that the port 
would accommodate vessels capable of year-round shipping; approximately 10 to 
12 ore carriers that would complete 102 round trips every year. This location was 
sampled with the premise that it was important to study the area before the mine 
established and started operating, setting groundwork, precedents and a baseline 
of benthic biota for the region.  
Presently, the mine is at an Early Revenue Phase, which is expected to mine 3.5 
Metric Tones per annum (Mtpa) of iron ore, transported by trucks to Milne Port 
and shipped to markets from Milne Port during the open water season. As global 
markets improve for the prices of iron ore, the Company intends to proceed with 
the construction and operation of the larger Approved Project which includes the 
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construction and operation of the year around port facilities on Steensby Inlet 
(http://www.baffinland.com/the-project/location-and-project-history/?lang=en). 
2. Quadrat samples were taken in the field work during summers 2011 and 2012 
with the same sampling design as explained in Goldsmit et al. (2014). These 
samples were taken in the ports of Churchill, Deception Bay and Steensby Inlet. 
Quadrats of 50 cm2 were randomly placed at the same zones and elevations where 
the core samples were taken. Surface material along with any visible organism to 
a depth of approximately 10-15 cm were collected in a 500 µm mesh bag for 
sorting and cleaning in the field prior to preservation.  
These results were used as part of an internship of Elliot Dreujou. He 
finished his Master’s Degree in Science of the Universe, Environment and 
Ecology, in the specialty of Oceanography and Marine Environment at the 
University of Pierre et Marie Curie (France). 
1. List of all genus and species identified in alphabetic order in the port of Steensby 
Inlet 2012 with core samples. Authors, ports where they were found, closest region 
for previous records, category of distribution pattern, comments about the probable 
origin and references are reported. Category of distribution pattern: Within Region 
(WR), Surrounding Region (SR), Arctic Outside Region (AOR), Circumpolar-
Circumboreal Distribution (CCD), Wider Distribution including Arctic region 
(WD). Origin: Increased Survey Effort (ISE), Cryptogenic (Cr). References: Ocean 
Biogeographic Information System (OBIS), Sea Life Base (SLB), Global 
















Category Origin Reference  
Annelida - 
Polychaeta 
                
Ampharete baltica 
Eliason, 1955 
      x 
Hudson 
complex 
WR   Pocklington (1989) 
Ampharete sibirica 
Wirén, 1883 
    x x 
Hudson 
complex 
WR   
Wacasey et al. 


















Category Origin Reference  
Aphelochaeta sp. 
Blake, 1991 















x   x x 
Frobisher 
Bay 











WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 










WR   
Wacasey et al. 
(1980), Cusson et al. 
(2007), OBIS, SLB 
Chaetozone sp. 
Malmgren, 1867 











    x x 
Hudson 
complex 





  x x x 
Hudson 
complex 
WR   




      x 
Hudson 
complex 
WR   




      x 
Hudson 
complex 
WR   
Wesenberg-Lund 
(1950), Curtis (1972), 
Wacasey et al. 
(1976), OBIS, SLB 
Cossura sp. Webster 
& Benedict, 1887 
    x x 
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989b), 




      x 
Hudson 
complex 
WR   
Wacasey et a.l 




  x x x 
Hudson 
complex 
WR   











WR   










  Cr 
Dahle et al. (1998), 
OBIS, SLB, ArcOD 
















Category Origin Reference  
Eteone sp. Savigny, 
1818 






WR   
Wacasey (1979), 
Wacasey et al. 








      x 
Hudson 
complex 
WR   









WR   
Wacasey (1979), 
Wacasey et al. 




      x 
Hudson 
complex 





nadina Örsted, 1845 
    x x 
Hudson 
complex 






& Benedict, 1887) 
x x x x 
Hudson 
complex 
WR   Pocklington (1989) 
Gattyana cirrhosa 
(Pallas, 1766) 
  x   x 
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989b), 


























WR   
Wacasey (1979), 
Wacasey et al. 








      x 
Hudson 
complex 
WR   
Wacasey et al. 
(1976), Wacasey 
(1979), Wacasey et 




    x   
Hudson 
complex 
WR   SLB, ArcOD 
Laphania boecki 
Malmgren, 1866 
x     x 
Frobisher 
Bay 
WR   
Wacasey et al. 




      x 
Hudson 
complex 
WR   
Wacasey (1979), 


















Category Origin Reference  
Maldane sp Grube, 
1860 
      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey 
(1979), Wacasey et 





      x 
Hudson 
complex 
WR   






      x 
Hudson 
complex 
WR   
Wacasey et al. 
(1976), Wacasey 
(1979), Wacasey et 










WR   
Wacasey et al. 


















  x   x 
Hudson 
complex 
WR   




      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey et 




      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey 
(1979), Wacasey et 
al. (1980), Atkinson 
and Wacasey 
(1989b), OBIS, SLB 
Nephtys pente 
Rainer, 1984 










CCD  ISE Rainer (1984), OBIS 
Nephtys sp Cuvier, 
1817 
      x 
Hudson 
complex 
WR   
Cusson et al. (2007), 
OBIS, SLB 
Nereimyra sp. 
Blainville, 1828  
    x x 
Hudson 
complex 
WR   






      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Atkinson and 
Wacasey (1989b), 
OBIS, SLB 




















  x x x 
Hudson 
complex 





Cusson et al. (2007)  
Paraonides nordica 
Strelzov, 1968 










      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey 
(1979), Wacasey et 
al. (1980), Atkinson 
and Wacasey 
(1989b), OBIS, SLB 
Pholoe longa (O.F. 
Müller, 1776) 












Pholoe sp. Johnston, 
1839 






WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989c), 





    x x 
Hudson 
complex 
WR   




      x 
Hudson 
complex 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989c), 
OBIS, SLB 
Polydora sp Bosc, 
1802 
      x 
Hudson 
complex 
WR   











WR   
Wacasey et al. 














WR   
Berkeley and 
Berkeley (1943), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 










WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 






















      x 
Hudson 
complex 
WR   OBIS 
Pygospio elegans 
Claparède, 1863 
  x x x 
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989b), 











WR   
Wacasey et al. 








      x 
Hudson 
complex 
WR     
Schistomeringos 
caeca (Webster & 
Benedict, 1887) 
  x x   
Hudson 
complex 
WR   SLB, ArcOD 
Scolelepis sp 
Blainville, 1828 
      x 
Hudson 
complex 




x   x   Hudson Bay    



















WR   
Wacasey et al. 
(1980), Aitken and 
Gilbert (1986), 






Wacasey (1989a),  
Cusson et al. (2007), 
OBIS, SLB 
Sphaerodoropsis 
minuta (Webster & 
Benedict, 1887) 
      x 
Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), OBIS, SLB 
Spio sp. Fabricius, 
1785 






WR   
Wacasey et al. 
(1980), Cusson et al. 
(2007), Smithsonian, 
OBIS, SLB 
Syllides sp. Örsted, 
1845 









CCD  ISE 
Ramos et al. (2010), 
OBIS, GBFI 
















Category Origin Reference  
Terebellides 
stroemii Sars, 1835 
  x x x 
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989b), 




















x     x 
Hudson 
complex 
SR (Iq) / 
WR (SI) 
ISE 





      x 
Hudson 
complex 







    x x 
Hudson 
complex 
WR   SLB 
Eualus fabricii 
(Krøyer, 1841) 
      x 
Hudson 
complex 
WR   OBIS 
Eugerda tenuimana 
(Sars G.O., 1868)  
    x x 
Hudson 
complex 




  x x x 
Hudson 
complex 












WR   
Ellis (1957), Aitken 
and Gilbert (1986), 
Atkinson and 
Wacasey (1989b), 





    x x 
Hudson 
complex 




  x x x 
Hudson 
complex 




      x 
Hudson 
complex 






      x 
Hudson 
complex 
WR   
Wacasey et al. 
(1976), Wacasey 











WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 

















Category Origin Reference  
Lamprops sp G.O. 
Sars, 1863 
      x 
Hudson 
complex 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007) 
Metopa sp Boeck, 
1871 
      x 
Hudson 
complex 
WR   
Wacasey et al. 
(1976), Conover and 
Stewart (1978), 
Wacasey (1979), 
Wacasey et al. 





    x x 
Hudson 
complex 
WR   










WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 




      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey 
(1979), Wacasey et 
al. (1980), Atkinson 
and Wacasey 










WR   
Aitken and Gilbert 
(1986), Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 
Pagurus pubescens 
Krøyer, 1838  
      x 
Hudson 
complex 
WR   OBIS 
Pagurus sp 
Fabricius, 1775 
      x 
Hudson 
complex 
WR   OBIS 
Paroediceros 
lynceus (Sars, 1858) 






WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 











WR   
Wacasey (1979), 




x     x 
Frobisher 
Bay 
WR   
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989b), 





      x 
Hudson 
complex 
WR   OBIS 
Arthropoda - 
Maxillopoda 
                
















Category Origin Reference  
Balanus crenatus 
Bruguière, 1789 
  x x x 
Hudson 
complex 
WR   
Ellis (1957), Atkinson 
and Wacasey 
(1989b), Lawrence 
and Baker (1995), 
Cusson et al. (2007), 
MacDonald et al. 
(2010), OBIS, SLB 
Arthropoda - 
Ostracoda 
                
Elofsonella sp 
Pokorny, 1955 
      x 
Hudson 
complex 
WR   OBIS 
Philomedes sp. 
Liljeborg, 1853 
x     x 
Frobisher 
Bay 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Cusson et al. 
(2007) 






WR   OBIS, ArcOD 
Sclerochilus sp Sars, 
1866 
      x 
Hudson 
complex 
WR   




                
Nymphon 
microrhynchum 
G.O. Sars, 1888 
      x 
Hudson 
complex 
WR   OBIS 
Bryozoa - 
Gymnolaemata 
                
Celleporella hyalina 
(Linnaeus, 1767) 
  x x x 
Hudson 
complex 
WR   
Osburn (1932), 
Powell (1968), 
Cusson et al. (2007), 
Smithsonian 
Cribrilina sp Gray, 
1848 
      x 
Hudson 
complex 














CCD ISE Kluge (1975), OBIS 
Crisia sp 
Lamouroux, 1812 











CCD ISE Kluge (1975), OBIS 
Escharella sp. Gray, 
1848 
    x x 
Hudson 
complex 

















Category Origin Reference  
Eucratea loricata  
(Linnaeus, 1758) 
  x   x Hudson Bay 









van Lorenz, 1886 
    x x 
Hudson 
complex 
WR   
Osburn (1932), 
Powell (1968), 
Cusson et al. (2007) 
Scrupocellaria 
minor Kluge, 1915 












      x 
Hudson 
complex 





    x x 
Hudson 
complex 
WR   Powell (1968) 
Tegella sp. 
Levinsen, 1909 
    x x 
Hudson 
complex 
WR   Powell (1968) 
Chordata - 
Ascidiacea 
                
Boltenia echinata 
(Linnaeus, 1767) 
  x x x 
Hudson 
complex 












  Cr 
(Van Name, 1945), 
OBIS 
Molgula griffithsii  
(MacLeay, 1825) 
  x     
Hudson 
complex 
WR   





                
Filellum serpens 
(Hassall, 1848) 
    x x 
Hudson 
complex 
WR   SLB, ArcOD 
Halecium sp Oken, 
1815 





















    x x 
Hudson 
complex 
WR   Smithsonian, SLB 
Tubularia sp 
Linnaeus, 1758 
      x 
Hudson 
complex 
WR   Naumov (1969) 
















Category Origin Reference  
Echinodermata - 
Asteroidea 
                
Asterias sp 
Linnaeus, 1758 
      x 
Hudson 
complex 
WR   SLB 
Echinodermata - 
Holothuroidea 
                
Myriotrochus sp 
Steenstrup, 1851 
      x 
Hudson 
complex 
WR   OBIS 
Echinodermata - 
Ophiuroidea 
                
Stegophiura nodosa 
(Lütken, 1855) 





WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
Smithsonian, OBIS, 
SLB 




      x 
Hudson 
complex 
WR   
Wacasey et al. 
(1976), Wacasey 
(1979), Wacasey et 
al. (1980), Atkinson 
and Wacasey 
(1989b), Atkinson 
and Wacasey (1989c), 
OBIS, SLB 
Astarte sp. J. de C. 
Sowerby, 1816 
    x x 
Hudson 
complex 









(Mighels & C. B. 
Adams, 1842) 
      x 
Hudson 
complex 
WR   SLB 
Ennucula tenuis 
(Montagu, 1808) 






WR   
Wacasey et al. 














WR   
Wacasey et al. 
(1980), Aitken and 
Gilbert (1986), 
Aitken et al. (1988), 
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
OBIS, SLB 
Macoma sp Leach, 
1819 
    x x 
Hudson 
complex 
WR   


















Category Origin Reference  
Macoma calcarea 
(Gmelin, 1791) 






WR   
Wacasey et al. 








      x 
Hudson 
complex 
WR   SLB 
Musculus discors 
(Linnaeus, 1767) 






WR   
Wacasey et al. 






Cusson et al. (2007), 
OBIS, SLB 
Mya sp. Linnaeus, 
1758 






WR   
Ellis (1957), Ellis 
(1960), Aitken and 
Gilbert (1986), 















WR   
Ellis (1957), Ellis 
(1960), Aitken and 
Gilbert (1986), 
Aitken et al. (1988), 




  x x x 
Hudson 
complex 





Cusson et al. (2007), 
OBIS 
Nuculana minuta 
(O. F. Müller, 1776) 
      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey 





      x 
Hudson 
complex 
WR   
Wacasey et al. 





      x 
Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson and 
Wacasey (1989c), 
OBIS, SLB  
















Category Origin Reference  
Thyasira cf gouldi 
(Philippi, 1845) 
    x x 
Hudson 
complex 
WR   
Wacasey et al. 





Wacasey (1989c),  
Cusson et al. (2007), 
OBIS, SLB  
Mollusca - 
Gastropoda 
                
Ariadnaria borealis 
(Broderip & G. B. 
Sowerby I, 1829) 
      x 
Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), OBIS, SLB 
Lepeta caeca (O. F. 
Müller, 1776) 
      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey 
(1979), Wacasey et 
al. (1980), Atkinson 
and Wacasey 
(1989b), OBIS, SLB 
Margarites helicinus 
(Phipps, 1774) 
x     x 
Frobisher 
Bay 
WR   
Conover and Stewart 
(1978), Wacasey et 










    x x 
Hudson 
complex 










      x 
Hudson 
complex 
WR   McPherson (1971) 
Propebela sp 
Iredale, 1918 
      x 
Hudson 
complex 




    x   
Hudson 
complex 
WR   




    x x 
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989c), 





x     x 
Frobisher 
Bay 
WR   
Wacasey (1979), 


















Category Origin Reference  
Tachyrhynchus 
reticulatus (Mighels 
& Adams, 1842) 
      x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey 





                
Tonicella rubra 
(Linnaeus, 1767) 
  x   x Baffin Bay SR ISE 
Thomson et al. 
(1986) 
 
2. List of all genus and species identified in alphabetic order in the ports of 
Churchill (2011), Decpetion Bay (2012) and Steensby Inlet (2012) with 
quadrat samples. Authors, ports where they were found, closest region for 
previous records, category of distribution pattern, comments about the probable 
origin and references are reported. Category of distribution pattern: Within 
Region (WR), Surrounding Region (SR), Arctic Outside Region (AOR), 
Circumpolar-Circumboreal Distribution (CCD), Wider Distribution including 
Arctic region (WD). Origin: Increased Survey Effort (ISE), Cryptogenic (Cr). 
References: Ocean Biogeographic Information System (OBIS), Sea Life Base 
(SLB), Global Biodiversity Information Systems (GBIF), National Museum of 












Category Origin Reference  
Annelida - 
Polychaeta 
              
Ampharete sibirica 
Wirén, 1883 
  x   
Hudson 
complex 
WR   Pocklington (1989) 
Ampharete sp. 
Malmgren, 1866 





WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson 
and Wacasey 
(1989c), Cusson et 



















Bay of Fundy 
WD ISE 
Appy et al. (1980), 
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 




  x   
Baffin 
Frobisher Bay 
WR   
Wacasey (1979), 
OBIS 





























Wacasey et al. 
(1975), Wacasey et 





x x x 
Hudson 
complex 
WR   
Cusson et al. (2007), 
OBIS, SLB 
Eteone sp. Savigny, 
1818 





WR   
Wacasey (1979), 





(1989c), Cusson et 
al. (2007)Cusson et 
al 2007, OBIS 
Glycera capitata 
Örsted, 1843 
x     
Hudson 
complex 












Wacasey et al. 





Wacasey (1989a), , 
Wacasey (1979), 
























WR   
Wacasey (1979), 





(1989c), Cusson et 
al. (2007), OBIS 
Laonome sp. 
Malmgren, 1866 
    x 
Hudson 
complex 
WR   SLB, ArcOD 
Laphania boecki 
Malmgren, 1866 




WR   
Wacasey et al. 




    x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey et 















Category Origin Reference  
Nephtys sp Cuvier, 
1817 
x   x 
Hudson 
complex 
WR   
Cusson et al. (2007), 
OBIS, SLB 
Nereimyra sp. 
Blainville, 1828  
    x 
Hudson 
complex 
WR   
Wacasey et al. 
(1976), Atkinson 
and Wacasey 
(1989c), OBIS, SLB 
Nereis pelagica 
Linnaeus, 1758  


















    x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Atkinson 
and Wacasey 
(1989b), OBIS, SLB 
Nicolea zostericola 
Örsted, 1844 






















Shelf    
Cr OBIS, SLB  
Ophelia limacina 
(Rathke, 1843) 





WR   
Ellis (1957), Aitken 




Cusson et al. (2007), 
OBIS, SLB 
Owenia borealis 
Koh, Bhaud & 
Jirkov, 2003 







  Cr 
Koh and Bhaud 
(2003), Jirkov and 
Leontovich (2012) 
Pholoe longa (O.F. 
Müller, 1776) 












Pholoe sp. Johnston, 
1839 





WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson 
and Wacasey 
(1989c), Cusson et 
al. (2007), OBIS, 
SLB 

















  x   
Hudson 
complex 
WR   










WR   





(1989c), Cusson et 









WR   
Berkeley and 
Berkeley (1943), 
Wacasey et al. 
(1980), Atkinson 
and Wacasey 
(1989b), Cusson et 





  x   
Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), Atkinson 
and Wacasey 
(1989a), Cusson et 









WR   
Wacasey et al. 
























WR   
Wacasey et al. 
(1980), Aitken and 
Gilbert (1986), 






Wacasey (1989c),  




























Wacasey et al. 
(1975), Conover and 
Stewart (1978), 
Wacasey (1979), 












WR   
Wacasey et al. 





        
      
Anonyx nugax 
(Phipps, 1774) 





WR   

















Archipelago WR   
Wacasey et al. 






    x 
Hudson 
complex 





x     
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989b), 




    x 
Hudson 
complex 




x x x 
Hudson 
complex 











WR   
Ellis (1957), Aitken 
and Gilbert (1986), 
Atkinson and 
Wacasey (1989b), 





    x 
Hudson 
complex 
WR   




(1989b), OBIS, SLB 













Category Origin Reference  
Lebbeus polaris 
(Sabine, 1824) 





























    x 
Hudson 
complex 
WR   









WR   
Wacasey et al. 
(1980), Atkinson 
and Wacasey 
(1989b), Cusson et 










WR   
 Aitken and Gilbert 
(1986), Atkinson 
and Wacasey 
(1989b), Cusson et 
al. (2007), OBIS, 
SLB 
Pagurus pubescens 
Krøyer, 1838  
    x 
Hudson 
complex 
WR   OBIS 
Paroediceros 
lynceus (Sars, 1858) 





WR   
Wacasey et al. 
(1980), Atkinson 
and Wacasey 
(1989b), Cusson et 




















WR   
Wacasey et al. 
(1980), Atkinson 
and Wacasey 
(1989b), Cusson et 




        
      
Balanus crenatus 
Bruguière, 1789 
x   x 
Hudson 
complex 




Lawrence and Baker 
(1995), Cusson et al. 
(2007), MacDonald 




        














Category Origin Reference  
Philomedes sp. 
Liljeborg, 1853 




WR   
Wacasey (1979), 
Wacasey et al. 




        
      
Hemithiris psittacea 
(Gmelin, 1790) 
x     
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989b), 




        









WR   
Wacasey et al. 
(1980), Atkinson 
and Wacasey 














x x   
Hudson 
complex 
WR   
Osburn (1932), 
Powell (1968), 














CCD ISE Kluge (1975) 
Escharella sp. Gray, 
1848 
    x 
Hudson 
complex 
WR   Powell (1968), OBIS 
Harmeria scutulata 
(Busk, 1855) 
  x x 
Hudson 
complex 










Gulf of Maine 
WD ISE OBIS 
Myriapora sp. de 
Blainville, 1830 

















Porella sp. Gray, 
1848 
x     
Hudson 
complex 
WR   Cusson et al. (2007) 
Rhamphostomella sp 
van Lorenz, 1886 
  x   
Hudson 
complex 
WR   
Osburn (1932), 
Powell (1968), 
Cusson et al. (2007) 
Schizoporella sp. 
Hincks, 1877 
x x   
Hudson 
complex 
WR   
Osburn (1932), 
Powell (1968) 













Category Origin Reference  
Smittina sp. 
Norman, 1903 








    x 
Hudson 
complex 
WR   Powell (1968) 
Chordata - 
Ascidiacea 
        
      
Boltenia echinata 
(Linnaeus, 1767) 
  x x 
Hudson 
complex 




















Wacasey et al. 
(1976), Wacasey 
(1979), Wacasey et 
al. (1980), Thomson 








        
      
Obelia longissima 
(Pallas, 1766) 








        
      
Strongylocentrotus 
sp. Brandt, 1835 














Wacasey et al. 1976, 
Conover and Stewart 
(1978), Wacasey 
(1979), Thomson et 








        
      
Cucumaria frondosa 
(Gunnerus, 1767) 









Psolus sp. Jaeger, 
1833 




















        





























Conover and Stewart 
(1978), Wacasey 






x     
Hudson 
complex 
WR   OBIS, SLB, ArcOD 
Ophiopus arcticus 
Ljungman, 1867 









Wacasey et al. 








x x   
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989b), 




























WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
Smithsonian, OBIS, 
SLB 
Mollusca - Bivalvia               
Astarte sp. J. de C. 
Sowerby, 1816 
    x 
Hudson 
complex 





Cusson et al. (2007), 
OBIS 
Axinopsida 
orbiculata (Sars G. 
O., 1878) 





WR   





(1989c), Cusson et 
al. (2007), OBIS, 
SLB 
Crenella faba(O. F. 
Müller, 1776) 










Thomson et al. 
(1986), (Aitken & 
Gilbert, 1986),  
Atkinson and 
Wacasey (1989c) 
























WR   
Wacasey et al. 
(1980), Aitken and 
Gilbert (1986), 
Aitken et al. (1988), 
Atkinson and 
Wacasey (1989b), 




x     
Hudson 
complex 
WR   









WR   





(1989c), Cusson et 









WR   
Wacasey et al. 















WR   
Ellis (1957), Ellis 
(1960), Aitken and 
Gilbert (1986), 
Aitken et al. (1988), 




x x   
Hudson 
complex 









          
    
Ariadnaria borealis 
(Broderip & G. B. 
Sowerby I, 1829) 
    x 
Hudson 
complex 
WR   
Wacasey (1979), 
Wacasey et al. 
(1980), OBIS, SLB 
Lepeta caeca (O. F. 
Müller, 1776) 
    x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Wacasey 
(1979), Wacasey et 
al. (1980), Atkinson 
and Wacasey 














Category Origin Reference  
Littorina sp. 
Férussac, 1822 
x x   
Hudson 
complex 




  x   
Hudson 
complex 























(Gmelin, 1791)  
x   x 
Hudson 
complex 
WR   
Conover and Stewart 
(1978), Cusson et al. 




& Sowerby, 1829 
    x 
Hudson 
complex 
WR   








WR   
Conover and Stewart 
(1978), Wacasey et 
al. (1980), Aitken 









  x x 
Hudson 
complex 















WD ISE OBIS, SLB 
Oenopota sp. 
Mörch, 1852 




WR   
Wacasey et al. 
(1980), Atkinson 
and Wacasey 





    x 
Hudson 
complex 
WR   









WR   
Wacasey (1979), 
Cusson et al. (2007), 
SLB 
Testudinalia 
testudinalis (O. F. 
Müller, 1776) 
x x   
Hudson 
complex 
WR   
Atkinson and 
Wacasey (1989b), 
Cusson et al. (2007), 
SLB 













Category Origin Reference  
Velutina velutina 
(O. F. Müller, 1776) 

















          
    
Tonicella marmorea 
(O. Fabricius, 1780) 






















x     Baffin Bay SR ISE 
Thomson et al. 
(1986) 
Porifera - Calcarea               
Sycon sp. Risso, 
1827 
























PROJECTION DES HABITATS PRÉSENTS ET FUTURS PROPICES AUX 
ESPÈCES AQUATIQUES ENVAHISSANTS DANS L’ARCTIQUE 
CANADIEN 
RÉSUMÉ  
Il est attendu que l’augmentation de l'activité de navigation dans l'Arctique, résultant 
du réchauffement climatique global et de l'exploitation accrue des ressources, pourrait 
accroître le risque d’introduction d'espèces aquatiques envahissantes (EAE) dans cette 
région. Dans ce contexte, le risque potentiel de futures incursions d’EAE à l'échelle de 
l’Arctique canadien a été examiné. Les habitats propices ont été prédits pour un sous-
ensemble d’EAE présentant une menace élevée dans les conditions environnementales 
actuelles ainsi que sous les scénarios de changements climatiques futurs. Huit envahisseurs 
potentiels avec un danger relatif élevé pour l'Arctique canadien ont été identifiés : 1) 
Amphibalanus improvisus, 2) Botrylloides violaceus, 3) Caprella mutica, 4) Carcinus 
maenas, 5) Littorina littorea, 6) Membranipora membranacea, 7) Mya arenaria et 8) 
Paralithodes camtschaticus. La modélisation des habitats a été effectuée à l'aide de MaxEnt 
à partir des données d’occurrences natives et non indigènes et à partir des aires 
environnementales connues à l’échelle mondiale pour ces espèces. Les résultats de la 
modélisation ont montré que l'habitat est propice sous les conditions environnementales 
actuelles dans certaines régions de l'Arctique canadien comme le complexe d'Hudson et la 
mer de Beaufort pour trois des espèces étudiées : L. littorea, M. arenaria et P. 
camtschaticus. Le caractère propice de l'habitat a été projeté dans des scénarios de 
changements climatiques pour l’ensemble des espèces modélisées. L'utilisation de ces 
modèles aidera à comprendre les risques potentiels de futures incursions d’EAE résultant 
du changement climatique et de la navigation, et ce, à de grandes échelles spatiales. Ces 
approches aideront à identifier les régions et les espèces à haut risque afin de permettre une 
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surveillance et des efforts de recherche plus ciblés sur les EAE en réponse au changement 
climatique. 
  97 
 
PROJECTING PRESENT AND FUTURE HABITAT SUITABILITY OF 
AQUATIC INVASIVE SPECIES IN THE CANADIAN ARCTIC 
ABSTRACT 
An increase in Arctic shipping activity resulting from global warming and resource 
exploitation is expected to increase the likelihood of aquatic invasive species (AIS) 
introductions in the region. In this context, the potential threat of future AIS incursions at a 
Canadian Arctic regional scale was examined. Habitat suitability was projected for a subset 
of higher risk AIS under current environmental conditions and future climate change 
scenarios. Eight potential invaders with relative high risk for the Canadian Arctic were 
identified: 1) Amphibalanus improvisus, 2) Botrylloides violaceus, 3) Caprella mutica, 4) 
Carcinus maenas, 5) Littorina littorea, 6) Membranipora membranacea, 7) Mya arenaria 
and 8) Paralithodes camtschaticus. Habitat modelling was performed using MaxEnt based 
on globally known native and non-native occurrence records and environmental ranges for 
these species. Modelling results showed that the habitat is suitable under current 
environmental conditions in certain regions of the Canadian Arctic such as the Hudson 
Complex and Beaufort Sea for three of the species modelled: L. littorea, M. arenaria and P. 
camtschaticus. Under the future climate change scenario, habitat suitability was projected 
for the complete suite of species modelled. The utilization of these models will help in 
understanding potential future AIS incursions as a result of climate change and shipping at 
large spatial scales. These approaches will aid in the identification of high risk regions and 
species to allow for more focused AIS monitoring and research efforts in response to 
climate change. 
Key words: Arctic, biological invasions, climate change, MaxEnt, ship-mediated 
invasive species, species distribution modelling. 
The second chapter was co-authored by me, Dr. Kimberly Howland, Dr. Guillem 
Chust, PhD candidate Ernesto Villarino, Dr. George Liu, Dr. Jennifer V. Lukovich, Dr. 
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David G. Barber and Dr. Philippe Archambault. It will be submitted in Polar Biology 
journal. As first author, I conceived the research project together with Dr. Howland and Dr. 
Archambault. I also ran the species distribution modelling with the aid of Dr. Chust and 
PhD candidate Villarino (an internship on modelling was done in AZTI Technalia, Basque 
Country, Spain, under the supervision of Dr. Chust). Dr. Liu, Dr. Lukovich and Dr. Barber 
provided the future projected model layers. Also, as first author, I wrote the manuscript 
with the input from all other co-authors.  
Parts, short and full versions of this work were presented as oral and poster 
presentations at the following conferences: 1) 48th Canadian Meteorological and 
Oceanographic Society (CMOS) in Rimouski (Canada) in June 2014; 2) ICES Annual 
Science Conference in A Coruña (Spain) in September 2014; 3) Québec-Ocean Annual 
General Meeting in Rivière du Loup (Canada) in November 2014; 4) ASLO Aquatic 
Science Meeting in Granada (Spain) in February 2015; 5) Association of Polar Early 
Carrier Scientist (APECS), International Online Conference in March 2015 (Awarded 2nd 
best presentation); 6) Canadian Aquatic Invasive Species Network Annual General 
Meeting in Halifax (Canada) in April 2015; 7) 83e du Congrès de l'Acfas in Rimouski 
(Canada) in May 2015, 8) Québec-Ocean Annual General Meeting in Quebec city (Canada) 
in November 2015, 9) International Conference on Marine Bioinvasions in Sydney 
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INTRODUCTION 
Aquatic invasive species (AIS) have become a serious threat to biodiversity over the 
past century (Cohen & Carlton, 1998; Grosholz, 2002; CAFF, 2013). Most aquatic invaders 
have been introduced through ballast water and/or hull fouling vectors and are coastal or 
estuarine in origin (Locke et al., 1993; Ruiz et al., 2000). Most introductions have occurred 
at lower latitudes where there is the greatest shipping activity (Ruiz et al., 2000). 
Nevertheless, the Arctic is also likely to receive introductions due to global warming, 
resource exploitation and the increase in Arctic shipping activity (Smith & Stephenson, 
2013; Miller & Ruiz, 2014). All these factors can facilitate the introduction of exotic 
species to Arctic waters (Niimi, 2004; Ware et al., 2014). The Arctic Ocean covers 
approximately 10 million km2, 20% of which is in the Canadian Arctic (CAFF, 2013). 
Moreover, Canada is the country with the longest coastline in the world (approximately 
16% of the world coastline), the majority of which is located in Arctic waters (Archambault 
et al., 2010).  
In recent years, high-latitude areas have shown a disproportionate increase in 
temperature, and their coasts are highly susceptible to a combination of climate change 
impacts in addition to sea-level rise (Larsen et al., 2014). Sea surface temperature in the 
Arctic is warming at faster rates than other parts of the globe (Doney et al., 2012): seasonal 
minimal sea ice extent has decreased by 45,000 km2/year over the past thirty years and the 
decrease of summer sea ice has been estimated to be reduced 12.4% per decade (Stroeve et 
al., 2007; Stroeve et al., 2012). There has also been a commensurate reduction in perennial 
sea ice and subsequent increase in annual forms of sea ice (Barber et al., 2009; Barber et 
al., 2014). Simulations project future scenarios ranging from mean reductions of 31% of 
the annually averaged sea ice area in the Arctic by 2100 (Solomon, 2007), to more extreme 
projections of complete disappearance of summer sea ice by 2037 (Hoegh-Guldberg & 
Bruno, 2010). With these changes, it is predicted that by mid-century, shipping routes such 
as the Northwest Passage, which crosses the Canadian Arctic Coasts, will become more 
viable in the future, linking the Atlantic and Pacific oceans (Smith & Stephenson, 2013). 
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Given that 90% of global cargo is transported by commercial shipping (Minchin, 2006), 
this is expected to result in an increase in traffic and changes in the shipping patterns with 
implications for the ecosystem. Since, to our knowledge, high-latitudes have not yet 
experienced significant introductions of non-native species (Ruiz & Hewitt, 2009; Ware et 
al., 2014); only predictions of changes can be done to see how the region can be affected.  
Predictions of species with higher probabilities of introduction and survival based on 
habitat suitability are essential for pro-active management strategies. Ideally, management 
should include a pre-invasion planning phase, since once an introduced species is 
established, eradication is difficult and in many cases, impossible (Locke & Hanson, 2009; 
Floerl, 2014). Predictive information can help managers identify vulnerable habitats and 
determine where and how to monitor species of concern (Locke & Hanson, 2009; Reiss et 
al., 2014). Species distribution modelling (SDM) is a powerful tool that can be very 
effective for predicting habitat suitability for species (Elith & Leathwick, 2009), thus 
providing important information for management (Peterson, 2003). Although SDM has 
been applied to marine taxa, these studies are less common than in terrestrial taxa 
(Robinson et al., 2011).  
Given that the majority of introduced marine species are benthic (Streftaris et al., 
2005), it is of interest to study these organisms and predict those that could potentially be 
introduced in the Canadian Arctic. Up to ten AIS have been found in Alaskan waters 
(Hines et al., 2000a; Ruiz & Hewitt, 2009), and new arrivals and introductions in boreal 
and high-latitude regions have been described in recent years (Ashton et al., 2008a; 
Svavarsson & Dungal, 2008; Lambert et al., 2010; Gíslason et al., 2014; Chan et al., 2015). 
Moreover, new species have been discovered for the first time but whose origin is uncertain 
(MacDonald et al., 2010; Goldsmit et al., 2014). For the Canadian Arctic, there has only 
been one potential introduced species due to shipping, the red algae Dumontia contorta 
reported by Mathieson et al. (2010), and seven species have been recently identified as 
cryptogenic (new species that could be either native or non-native) (Goldsmit et al., 2014). 
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However, this region is undersampled as few systematic surveys have been conducted 
(Archambault et al., 2010; Piepenburg et al., 2011; CAFF, 2013; Roy et al., 2014).  
 Projected changes in the Arctic will result in warmer, less saline ocean conditions 
(Carmack & McLaughlin, 2011), which together with increased shipping activity, are 
expected to favour the establishment of ship-mediated invasive species. Increasing 
temperatures are also expected to result in shifts in aquatic communities with southern 
species expanding their ranges to more northern locations (Beaugrand et al., 2010; 
Villarino et al., 2015; Wisz et al., 2015). It is within the context of this changing 
environment that the objective of this study is to predict the habitat suitability of a suite of 
known AIS connected to Canadian Arctic ports and to assess their likelihoods of survival 
and establishment under both current conditions and under a future scenario of climate 
change. SDM provides a good approach to address these questions based on known global 
environmental ranges of the species. 
MATERIALS AND METHODS 
Study region and shipping activity 
Shipping plays a key role in supporting Arctic communities and the economy by 
transporting resources via domestic and international shipping pathways. The majority 
annual number of vessel arrivals in the Canadian Arctic are destined for ports in the 
Hudson Complex region (Hudson Strait, Hudson Bay, Foxe Basin, James Bay and Ungava 
Bay) (Chan et al., 2012). Although few ballast water discharges occur in the Canadian 
Arctic in general, the risk associated with individual discharges of international 
transoceanic vessels is considered to be high (Casas-Monroy et al., 2014). 
Species studied 
Potential invaders were classified according to the number of barriers they have to 
introduction and establishment (e.g., environmental conditions, potential connection 
through shipping, etc.) and according to documented information in published articles 
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(Hines et al., 2000b; Ruiz et al., 2006; Molnar et al., 2008; Chan et al., 2012), grey 
literature and global invasive species lists available on the web: National Exotic Marine and 
Estuarine Species Information System NEMESIS (www.invasions.si.edu/nemesis/), 
Invasive Species Compendium (www.cabi.org/isc), the European Network on Invasive 
Alien Species NOBANIS (www.nobanis.org/) and the Global Invasive Species Database 
GISD (www.issg.org/database). First, a pre-screening step was done to select species for 
further research with biological-ecological features that could potentially allow for survival 
in arctic conditions (known temperature and salinity ranges for the species needed to 
coincide with environmental conditions on the Arctic). The potential of arriving to the 
Canadian Arctic via shipping traffic was also considered (potential of being transported 
through ballast water and/or hull fouling from connected ports). The second step involved 
ranking these species following Ricciardi and Rasmussen (1998). Using this protocol, the 
potential invasion success of different aquatic organisms was predicted using documented 
information on: 1) potential donor regions and dispersal pathways of future invaders, 2) 
biological criteria of selected potential invaders (e.g., abundant in native range, rapid 
growth, high reproductive capacity, mechanisms for rapid dispersal, etc.) and 3) invasion 
history. A subset of eight potential invaders with high relative threat for the Canadian 
Arctic was identified.  
The final species list included: 1) the bay barnacle Amphibalanus improvisus 
(Darwin, 1854), 2) the violet tunicate Botrylloides violaceus Oka, 1927, 3) the Japanese 
skeleton shrimp Caprella mutica Schurin, 1935, 4) the green crab Carcinus maenas 
(Linnaeus, 1758), 5) the periwinkle Littorina littorea (Linnaeus, 1758), 6) the coffin box 
bryozoan Membranipora membranacea (Linnaeus, 1767), 7) the soft-shell clam Mya 
arenaria Linnaeus, 1758 and 8) the red king crab Paralithodes camtschaticus (Tilesius, 
1815). These species are known invaders that are present in ports connected to Canadian 
Arctic ports, either by domestic and/or international shipping (Turcotte & Sainte-Marie, 
2009; Jørgensen & Nilssen, 2011; Chan et al., 2012) and could potentially be transported 
through ballast water or biofouling. Table 4 summarises the characteristics of each species. 
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Table 4: Characteristics of aquatic invasive species used in the modelling analysis.  
Species Native range Introduced 
range 
Biology / 
















T°: -2 to 35°C 
Salinity: 2 to 40 
PSU 
Intertidal-Subtidal 






in the Baltic Sea 
Southward (1957), Carlton 
(1979), Furman and Yule 
(1991), Dineen Jr and Hines 
(1992), Bousfield (1955), 
Leppäkoski and Olenin 
(2000), Iwasaki (2006), 
















T°: -0.6 to 27.4°C 
Salinity: 20 to 38 
PSU 
Subtidal 
Due to abundance 
and dominance, it 
can affect shipping 
and aquaculture 
Competes for 
space and food 
with native fouling 
organisms 
Van Name (1945), Nishikawa 
(1991), Epelbaum et al. 
(2009), Zerebecki and Sorte 
(2011), Simkanin et al. (2012) 














T°: -2 to 20°C 









Inglis et al. (2006), Ashton et 
al. (2007), Cook et al. (2007), 
Locke et al. (2007), Ashton et 
al. (2008b), Turcotte and 






Baltic and west 
of Africa 
From Northwest 
and west of 
Atlantic to both 







T°: 3 to 17°C 











Broekhuysen (1936), Williams 
(1984), Lowe et al. (2000), 
Carlton and Cohen (2003), 














T°: 0 to 28°C 










animals and plants 
Murphy (1979), Carlton 
(1992), Chase and Thomas 





the Barents Sea 
to the Atlantic 







Long stage of 
planktonic larvae 
T°: -1.8 to 26°C 
Salinity: 8 to 27 
PSU 
Intertidal-subtidal 
Fouling in ships 
and buoys 
Economic: 
cultured kelp beds 
Competition 
Change of habitat 
Yoshioka (1982), Berman et 
al. (1992), Hayward et al. 
(1998), Schwaninger (1999), 
Saunders and Metaxas (2007), 
Saunders and Metaxas (2008), 
Griffiths et al. (2009), 
Gendron et al. (2010) 
      
104 
 
Species Native range Introduced 
range 
Biology / 
ecology of the 
species 
Impact References 










T°: -2 to 28°C 
Salinity: 5 to 35 
PSU 
Intertidal – 





Europe for more 
than 500 years 
Decrease in 




Morgan et al. (1978), Englund 
and Heino (1994), Obolewski 
























Orlov and Ivanov (1978), 
Rodin (1989), Pavlova et al. 
(2007), Oug et al. (2011) 
 
Environmental data 
The environmental variables used were those that are typically the most important 
limiting factors for benthic aquatic species: temperature and salinity (bottom and sea 
surface), ice concentration and bathymetry (Table 5). To build, train and validate the 
model, monthly averaged climatological values were used for a 30-year period time (1981-
2010) using global scale environmental data at 1° resolution. Temperature, salinity and 
bathymetry were obtained from the World Ocean Atlas 2013 (Boyer & Mishonov, 2013). 
Sea ice cover was obtained from the Sea Ice Index (Fetterer et al., 2002) and from the Met 
Office Hadley Centre (Rayner et al., 2003). 
Table 5: Environmental variables information used in the habitat suitability models.  




Maximum Monthly  mean °C World Ocean Atlas (Boyer & 
Mishonov, 2013) Minimum 
Mean  
Sea surface salinity/ 
Bottom salinity 
Maximum Monthly  mean PSU World Ocean Atlas 
(Boyer & Mishonov, 2013) Minimum 
Mean 
Sea ice 15% ice coverage Ice concentration Length (in months) of open water 
period at a global scale 
Sea Ice Index (Fetterer et al., 
2002)  50% ice coverage 
Sea ice 50% ice coverage Ice concentration Length (in months) of open water 
period at a global scale 
Met Office Hadley Centre 
(Rayner et al. 2003) 
Bathymetry   Meters World Ocean Atlas (Boyer & 
Mishonov, 2013) 
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Distributional data 
Global scale occurrence data (native and invaded ranges) were compiled for each 
species from global databases such as the Global Biodiversity Information Facility GBIF 
(www.gbif.org), Ocean Biogeographic Information system OBIS (www.iobis.or), invasive 
species lists with available coordinate location information and specific literature 
(Appendix IV). Larger sampling sizes result in better models (Guisan et al., 2007a; Guisan 
et al., 2007b) and efforts should be focused on the improvement of the number and quality 
of occurrence records (Lobo, 2008; García-Roselló et al., 2015). Hence, we focused our 
effort on finding the highest number of occurrence records possible for each species. The 
numbers ranged from 81 occurrence points (C. mutica) to 189 (M. arenaria) (Appendix 
IV). Only one presence record was counted per grid (1° resolution) to decrease any 
probable overprediction (García-Roselló et al., 2015). With this approach a sample unit of 
size equal to the grain size of the environmental variables is assumed. The ecoregion names 
used in the text were according to the bioregionalization made by Spalding et al. (2007). 
Habitat suitability modelling 
The relationship between species’ records and the environmental characteristics in a 
specific region can be assessed in SDM in order to estimate the habitat suitability for a 
given species. MaxEnt 3.3.3k (Phillips et al., 2006) was the model used to predict the 
species’ habitats (http://www.cs.princeton.edu/~schapire/maxent/). MaxEnt is one of the 
most widely utilized SDM algorithms (Elith et al., 2011). It is a machine learning method 
based on maximum entropy for modelling species geographic distributions with presence-
only data, by relating occurrence data and environmental variables. It has been found to 
outperform other methods, show a high predictive accuracy and be better able to model 
range shifts under future climate change scenarios (Elith et al., 2006; Hijmans & Graham, 
2006; Pearson et al., 2007).  
Correction for spatial bias is highly recommended for predicting future trends in 
SDM to avoid sampling habitat outside the species’ known occurrence and for collection 
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sampling bias (Brown, 2014; Hertzog et al., 2014). Hence, bias files were included during 
model building using the SDMtoolbox package in ArcGIS (Brown, 2014). Cross-validation 
was used to evaluate the predictive power of the model: 70% of the occurrence points were 
chosen randomly and used to train the model, while the other 30% were used to test it. The 
convergence threshold was set at 0.00001, 500 iterations were made and random seed was 
used to select training points. The hinge feature was used since it produces complex but 
smoothed and ecologically meaningful response curves and it improves model performance 
(Phillips & Dudík, 2008; Merow et al., 2013). Continuous values were transformed into 
binary values (suitable/not suitable) by applying the maximum training sensitivity plus 
specificity threshold. This threshold is known to produce the most accurate predictions, 
especially for presence-only datasets (Jiménez-Valverde & Lobo, 2007; Liu et al., 2013).   
We opted to use fewer environmental predictors at a coarser resolution, but of high 
quality for the region of study (lowest possible grids with extrapolated data for pixels with 
missing data), rather than increasing the number of variables and the resolution with a 
corresponding loss of data quality. The model was constructed accordingly with the most 
important variables for each species (Appendix V). This was evaluated by: 1) the response 
curves for each variable, indicating which particular environmental conditions within a 
range were most suitable for each species (unimodal shape corresponded to ecological and 
biological meaning within the Hutchinson (1957) niche theory framework); 2) a species-
specific Jackknife test built with all the variables alone and by excluding each variable 
sequentially; and 3) a table showing the percentage contribution of each variable. The area 
under the curve (AUC) was used to evaluate the performance of the model. In presence-
only models, the AUC is the probability that the model correctly ranks a random presence 
site vs. a random site from the study area (Phillips et al., 2009). The model runs were 
corrected using a mask for maximum depths each species could inhabit according to their 
ecological requirements (Table 4). 
Prior to model fitting, autocorrelation between environmental variables was checked 
to prevent inclusion of other correlated variables. This was calculated using the 
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SDMtoolbox (Brown, 2014). Variables with correlation coefficients equal or higher than 
0.7 were considered significant (Dormann et al., 2013) and only one of them were  
included in the same species-specific model construction. 
Future projection under climate change scenario 
Once the SDM global models were built and validated under present environmental 
conditions, the projections of habitat suitability were undertaken using future projected 
environmental layers for the Arctic and North Atlantic. Future environmental variables 
were the same as the ones used to build the model under current conditions (Table 5), but 
were based on projected data generated from the validated ocean-sea ice model from the 
Nucleus for European Modelling of the Ocean NEMO forced with the input from the 
Model for Interdisciplinary Research on Climate MIROC5 (Madec, 2008; Watanabe et al., 
2010). The RCP4.5 emission scenario was chosen, corresponding to an intermediate 
greenhouse emission (temperature anomaly of 2.4°C by 2100) (Moss et al., 2008). The 
model has a higher resolution than the one used for building and training the SDMs’ (1/4° 
in general, ~1/8° in Hudson Bay and ~1/18° in the Canadian Archipelago); it begins in 
2006 and projects environmental changes in the ocean and sea ice until 2050. Two time 
series were used: 2006-2015 to represent the present time with the projected model, and 
2045-2050 to make the projections into the future.   
The resulting future habitat suitability models were compared with the present ones. 
The latitudinal shift in suitable habitat was spatially analyzed using ArcMap to illustrate the 
suitable areas i) only in the present, ii) only in the future and iii) in both present and future 
timeframes. The percentage change in the area of habitat suitability between present and 






Habitat suitability in the present 
Based on model predictions, all species had suitable habitat in their known ranges, 
indicating that the accuracy of models was adequate. Suitable habitat for all eight species 
was also predicted in other locations where the species are not known to currently occur, 
indicating that existing environmental conditions are suitable for those species elsewhere 
(Figure 12). Regions of the Canadian Arctic were shown to be already suitable under 
current conditions for Littorina littorea, Mya arenaria and Paralithodes camtschaticus 
(Figure 12). 
Latitudinal shift 
Based on estimated potential latitudinal changes in habitat suitability with future 
climate warming, all species were predicted to have increased suitable habitat towards the 
Canadian Arctic (Figure 13). Even though all species showed a poleward/sub-poleward 
shift, there were species-specific differences in the magnitude and regions of distributional 
shifts. For example, for L. littorea, M. arenaria and P. camtschaticus, shifts in suitable 
habitats were mostly in regions that were already suitable under present environmental 
conditions. In contrast, all the remaining species showed new suitable regions only in the 
future together with some extended regions of suitable habitat where they are already 
present. One of the most noteworthy new suitable regions under future environmental 
conditions was the Hudson Complex.     
All species showed gains in habitat suitability in the future with the exception of P. 
camtschaticus. The percentage gain in area of suitable habitat between the present and 
future models was highest for M. membranacea and M. arenaria (+28.9% and +23.4% 
respectively), and the lowest was for P. camtschaticus (-0.1%), showing a small loss in its 
habitat percentage shift (Figure 13). 
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Figure 12:  Habitat suitability for the present projected into the Arctic and North Atlantic 
Oceans only. Habitat suitability is shown in binary values (suitable/not suitable) in green 




Figure 13: Habitat suitability for the present and the future projected into the Canadian 
Arctic. Percentage of gain (+) or loss (-) in habitat suitability (HS) is shown for each 
species. Shaded green area is the habitat suitability only in the present, red corresponds to 
habitat suitability only in the future and shaded dark grey to the area suitable both in the 
present and in the future.   
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Model evaluation 
 All models had high values of AUC (>0.9) and low values of error rates (Table 6) 
providing a high confidence in predicting power. The maximum training sensitivity plus 
specificity thresholds used were also low for all species (P-values < 0.0001). The analysis 
of unimodal shape environmental response curves indicated that environmental conditions 
were within suitable ranges for each of the species modelled. 
Most of the environmental variables were found to be inside their training range, with 
the exception of two regions: the Baltic Sea and the high Arctic Circle. This means that 
these last areas have one or more environmental variables outside the range present in the 
training data. These environmental variables were sea surface temperature and sea surface 
salinity; therefore, predictions in those areas should be treated with caution. All models 
were built taking into consideration the high correlation between ice concentration and 
maximum sea surface temperature (R>0.7), and only the one that was playing a major role 
in the distribution of the species was considered (Appendix V). 
Table 6: Model parameters and evaluation indicators: Area under the curve (AUC) and 
threshold values obtained for each species. 
Species AUC SD Threshold 
Amphibalanus improvisus 0.958 0.023 0.1641 
Botrylloides violaceus 0.975 0.017 0.0802 
Caprella mutica 0.985 0.014 0.1986 
Carcinus maenas 0.935 0.024 0.1694 
Littorina littorea 0.978 0.008 0.039 
Membranacea membranipora 0.975 0.006 0.1505 
Mya arenaria 0.968 0.018 0.0591 





Regional and species-specific models can aid in the identification of high threat 
areas/species to allow for more focused AIS monitoring and research efforts. The habitat 
suitability modelling performed in this study with a suite of potential ship-mediated aquatic 
invasive species identified habitat suitability in areas where these species are not currently 
known to occur. For three of the eight species modelled there were suitable regions for 
establishment in the Canadian Arctic, indicating that this region is currently under threat of 
introduction, especially in the Hudson Complex. Under the climate scenario projection by 
2050, all eight species were projected to have suitable habitat in at least some regions of the 
Canadian Arctic. Although the complete suite of species used in this study showed a 
poleward/sub-poleward latitudinal shift in suitable habitat by mid-century, its extent varied 
among species. These results, based solely on environmental factors affecting habitat 
suitability, indicate that the Arctic regions and the Canadian Arctic in particular, have a 
high threat of introduction that will increase with time. This risk will be further accentuated 
if we consider the fact that future shipping is predicted to be much higher in this region, 
increasing the probability for transport of new species into the area (Smith & Stephenson, 
2013; Miller & Ruiz, 2014). 
All modelled species revealed suitable habitats in places outside their actual range. 
This is consistent with the knowledge that invasive populations frequently occupy new 
environments relative to their native ranges (Compton et al., 2010). The prediction that all 
species currently have suitable habitats in places outside their actual observed ranges 
suggests that habitat conditions are suitable not only where the species occur, but also 
beyond it. This may be partly explained by dispersal limitation of the species and niche size 
(Pulliam, 2000). In the present study, the periwinkle Littorina littorea, the soft shell clam 
Mya arenaria and the red king crab Paralithodes camtschaticus were predicted to have 
suitable habitats in the Canadian Arctic under current environmental conditions. These 
results are not surprising in the case of L. littorea and M. arenaria. The former is well 
established in the Gulf of St-Lawrence as well as in cooler waters along Newfoundland’s 
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coast, and there are records of the species along the Northeastern coast of North America 
since the 1800’s (Chapman et al., 2007). The most supported hypotheses of introduction of 
the periwinkle in North America are the transport by rock ballast and intentional 
transportation as a food resource (Brawley et al., 2009).  In the case of M. arenaria, there 
are records along cold water regions such as Labrador, Iceland and Alaska (Morgan et al., 
1978). The soft-shell clam has become a successful invader by natural migration, through 
aquaculture and transportation by ballast water (Strasser, 1998). These two species have 
long larval periods in their life cycles and are currently present in ports that are connected 
to Canadian Arctic ports via vessels that may transport organisms through hull fouling 
and/or ballast water (Chan et al., 2012), presenting a current risk of introduction to the 
region. The case of P. camtschaticus is different due to its history of invasion. It has been 
intentionally released in areas where it is currently established to create an economic 
resource and there have been no records of ballast water transport in the region (Orlov & 
Ivanov, 1978). Nevertheless, there is the possibility that the larvae can be transported in 
ballast water, and considering that there is shipping activity due to oil and gas reserves 
around the Barents Sea and Norway, there is the potential for port connections and 
introductions to the Canadian Arctic (Jørgensen & Nilssen, 2011). Also of concern is that 
its predicted habitat suitability encompasses a vast portion of the study area.  
Arctic regions have not been widely addressed concerning threat of specific AIS 
making our projected habitat suitability study difficult to compare with others. For most of 
the AIS considered in this study, this is the first time that SDM has been done for this 
region. However, the green crab Carcinus maenas and the bay barnacle Amphibalanus 
improvisus have been more extensively studied and can be considered here for discussion. 
The bay barnacle has shown a large amount of suitable habitat north of its current range 
when modelled in Alaskan coasts under global warming conditions (de Rivera et al., 2011). 
On the other hand, the green crab has a very wide projected suitability in high latitudes, but 
at a global scale, the introduction likelihood is very low (de Rivera et al., 2011; Crafton, 
2014). Commercial shipping is considered the most likely vector for introduction, however 
given that major ports at a global scale are at a considerable distance from high-latitude 
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ports, this makes the likelihood of arrival low for these regions given that it is more likely 
that organisms can die in transit (Crafton, 2014). Although at a global scale Canadian 
Arctic ports are considered to have relatively low annual likelihood of introduction through 
ballast water, this risk is expected to increase due to the longer open-water period, global 
warming and increase in resource exploitation (Smith & Stephenson, 2013; Gavrilchuk & 
Lesage, 2014; Pizzolato et al., 2014; Ware et al., 2014; Casas-Monroy et al., 2015). A clear 
example of this situation is the number of shipping transits in the Canadian Arctic that has 
already increased substantially in the last few years (Ruffilli, 2011). 
Future northward shifts are also supported by other studies considering climate 
change and species distribution predictions on other marine groups such as fish, 
invertebrates, zooplankton and seagrass (Cheung et al., 2009; Beaugrand et al., 2010; Chust 
et al., 2013; Valle et al., 2014; Villarino et al., 2015; Wisz et al., 2015). Our results showed 
that all species were predicted to shift their habitat suitability poleward/sub-poleward by 
mid-century. This agrees with the results from Cheung et al. (2009), who also predicted a 
high intensity of invasions by fish and marine invertebrates in high latitude regions by mid-
century. Crustaceans, ascidians and gastropods have also been predicted to have future 
northward shifts in other high-latitude parts of the world (de Rivera et al., 2011). New 
regions will be suitable in the future for most of the species modelled in our study, 
especially in the Hudson Complex in the Canadian Arctic. Global warming could provide 
new opportunities for species introductions to areas where they are not able to survive 
currently (Walther et al., 2009). This increases the likelihood of future introductions in the 
region, given that most of the species modelled in this study are present or established in 
ports that are connected to the main Canadian Arctic ports (Chan et al., 2012).  
All species presented a positive increase in total areal extent of future suitable habitat, 
with the exception of P. camtschaticus. The latter resulted in a negative percentage in 
habitat suitability extension in the future, losing 0.1%. This can be interpreted as nearly no 
net difference between the predicted habitat suitability in the present compared to the 
future. For the other species, the finding is consistent with the shifts estimated for other 
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marine organisms under climate change scenarios (Cheung et al., 2009; Valle et al., 2014). 
The predicted shifts in the current modelling study are supported by experimental evidence 
based on thermo-tolerance of invasive species such as C. maenas, which have been shown 
to tolerate thermal conditions year round beyond what their current range limits would 
suggest (Kelley et al., 2013). Similar testing and modelling in other invasive species has 
shown that temperature is the most influential factor for habitat suitability (Capinha & 
Anastácio, 2011). It has further been shown that in addition to environmental variables, 
phenotypic plasticity of some invasive species has rendered previously unsuitable 
environments increasingly vulnerable (Kelley et al., 2013).  
The use of SDM is fundamental to evaluating how climate change can affect future 
introduced species, biodiversity and the associated ecosystems. These models should be 
viewed as a first approximation of the potential impact of climate-induced landscape 
change on biodiversity (Pearson & Dawson, 2003). Understanding the restrictions of the 
model can lead us to see the usefulness of the results and the applicability while being 
aware of limitations. Given that the predictions in our study were in a different region from 
the species source area and that the results were projected into the future, there were several 
considerations in the interpretation of the model results: 1) the use of abiotic factors only, 
2) the selection of environmental variables used, 3) the choice of the model used for the 
SDM analysis and 4) the climate change projection models used to predict future 
environmental conditions.     
Biotic interactions were not addressed in our SDM since it relates species occurrence 
to spatially abiotic factors (Guisan & Zimmermann, 2000). Even though the importance of 
the biotic interactions in shaping the spatial distributions of a species is recognized (Wisz et 
al., 2013), in our case it was not possible to include this variable due to lack of information. 
Much more research effort on basic ecology is required to cover the inclusion of biological 
factors (Reiss et al., 2014). Since our objective was to project species distributions into a 
new environment as well as into the future, it was difficult to predict what the possible 
future interactions might be. Furthermore, there are studies indicating that at a wider scale, 
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species distributions are dominated and influenced by mainly abiotic factors (Pearson & 
Dawson, 2003). 
The selection of environmental variables used for each species is an important step in 
model building. Including all available variables can result in a lower predictive power due 
to collinearity and model overparameterization (Tyberghein et al., 2012). In this study, 
correlation between variables was calculated and accounted for in the analysis. For 
example, C. maenas was only modelled with a few variables given that its response curves 
and the variables that contributed to explaining known distribution patterns were minimal. 
This is supported by experimental and modelling studies showing that temperature is the 
most important variable in predicting the locations where invasive species, such as the 
green crab, may establish (Compton et al., 2010; Kelley et al., 2013). On the other hand, 
salinity can sometimes play only a minor role (Compton et al., 2010), and thus was not 
always included in predicting invasive ranges.  
MaxEnt is one of the best models for projecting species range shifts under future 
climate change (Hijmans & Graham, 2006). However, this kind of procedure should be 
treated with caution since it involves extrapolating models to novel combinations of 
environmental variables (Merow et al., 2013). Predicting future changes inevitably comes 
with a degree of uncertainty (Wenger et al., 2013). Clearly, if the emission scenario or the 
prediction of the year would be different in the modelling, the results would likely be 
different as well. The NEMO model has also limitations, including those associated with 
model horizontal spatial resolution. Both the coupled ocean-sea ice and the atmospheric 
forcing model are expected to have limitations in future projections particularly in the areas 
of hydrological forcing of the system and the response of sea ice type and concentration. 
For the version used in this study, NEMO is considered appropriate for processes with 
horizontal spatial scales exceeding 10 km. However, the low spatial resolution of the 
atmospheric variables used to force NEMO may introduce bias in high-resolution ice-ocean 
simulations (Hu & Myers, 2014).  
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Studies in prediction of invasive species in the Arctic are rare, making the present 
work a valuable contribution to the prediction and understanding of the future changes in 
this region. Predictive studies like this one can provide information for early warning 
systems and help focus monitoring efforts on vulnerable habitats in marine environments 
associated with shipping activity (Reiss et al., 2014). This study reveals that the Canadian 
Arctic and northern high-latitudes in general are already suitable for many non-indigenous 
species and that this suitability will continue to increase. Future studies need to be done to 
complete the findings on the present study together with the estimation of likelihood of 
arrival and combining it with the potential impact that the species may have in the region. 
Changing environmental conditions together with increasing shipping activity, will favour 
the establishment of high threat ship-mediated invasive species. This valuable information 
can help managers to know where and how to monitor species of concern and vulnerable 
habitats. 
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APPENDIX IV: OCCURRENCE RECORDS OF SPECIES MODELLED 




Amphibalanus improvisus 139 GBIF, OBIS, NEMESIS 
Botrylloides violaceus 83 GBIF, OBIS, NEMESIS 
Caprella mutica 81 GBIF, OBIS, NEMESIS, Buschbaum and Gutow 
(2005), Frey et al. (2009), Willis et al. (2004) 
Carcinus maenas 173 GBIF, OBIS, NEMESIS 
Littorina littorea 118 GBIF, OBIS 
Mya arenaria 189 GBIF, OBIS 
Membranipora membranacea 145 GBIF, OBIS 
Paralithodes camtschaticus 116 GBIF, Jørgensen and Nilssen (2011), Oug et al. (2011) 
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APPENDIX V: ENVIRONMENTAL VARIABLES USED IN THE MODELS 
Variables used to build the habitat suitability model for each species.  
 SST SSS BT BS Sea ice Bathym. 
 Max Mean Min Max Mean Min Max Mean Min Max Mean Min 15a 50a 15b 
Amphibalanus 
improvisus 
 X  X          X  X 
Botrylloides 
violaceus 
  X           X  X 
Caprella mutica  X  X       X   X  X 
Carcinus maenas  X            X  X 
Littorina littorea  X           X   X 
Membranacea 
membranipora 
 X  X          X  X 
Mya arenaria  X    X         X X 
Paralithodes 
camtschaticus 
   X   X    X   X  X 
SST: Sea Surface Temperature, SSS: Sea Surface Salinity, BT: Bottom Temperature, BS: Bottom Salinity, Sea ice 15a and 50a:  15 and 
50% ice coverage from the Met Office Hadley Centre database (Rayner et al., 2003), Sea ice 15b: 15% ice coverage from the Sea Ice 
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CHAPITRE 3 
ÉVALUATION DES RISQUES ÉCOLOGIQUES DES INVASIONS 
MARINES PRÉDITES DANS L’ARCTIQUE CANADIEN 
RÉSUMÉ 
Le changement climatique global conduit à des variations des conditions 
environnementales, notamment sur le plan de la température et de la couverture de glace 
dans les régions de hautes latitudes. Les modèles prédictifs et l'évaluation des risques sont 
des outils clés pour comprendre les changements potentiels associés aux effets sur les 
régions côtières. La présente étude est une évaluation des risques écologiques quant aux 
futures incursions d'espèces envahissantes dans l'Arctique canadien. Les espèces évaluées 
sont le bigorneau Littorina littorea, la mye commune Mya arenaria et le crabe royal rouge 
Paralithodes camtschaticus. Ces espèces, connexes aux ports de l'Arctique canadien, ont le 
potentiel d'être introduites par les activités de navigation lors de la décharge des eaux de 
ballast. La région a été exposée à un risque différent selon le port et l'année et montre des 
différences temporelles et spatiales. En général, le déballastage des bateaux domestiques 
pose un risque plus élevé que le déballastage des navires internationaux. Les principaux 
ports de Baie Déception et Churchill étaient ceux avec un risque relatif modéré à élevé pour 
L. littorea et M. arenaria, surtout depuis les navires domestiques. Dans le cas de P. 
camtschaticus, le risque relatif était faible pour les navires internationaux et nul pour les 
navires domestiques. Ce travail peut être considéré comme le point de départ pour 
commencer à établir une liste des espèces à risque potentielles, une liste de surveillance 
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ECOLOGICAL RISK ASSESSMENT OF PREDICTED MARINE 
INVASIONS IN THE CANADIAN ARCTIC 
ABSTRACT 
Climate change is impacting environmental conditions, especially with respect to 
temperature and ice cover in high latitude regions. Predictive models and risk assessment 
are key tools for understanding potential changes associated with such impacts on coastal 
regions. The present study is a relative ecological risk assessment for future invasive 
species incursions in the Canadian Arctic. The species assessed were the periwinkle 
Littorina littorea, the soft shell clam Mya arenaria and the red king crab Paralithodes 
camtschaticus. These species are connected to Canadian Arctic ports and have the potential 
to be introduced by shipping through ballast water discharge. This region has been exposed 
to different levels of relative overall risk that vary by port and from year to year, 
highlighting temporal and spatial patterns. In general, domestic discharge events posed a 
higher relative overall risk on a vessel-specific basis than did international discharges. The 
main ports of Deception Bay and Churchill were classified as being at moderate to high 
relative risk for L. littorea and M. arenaria, especially from domestic vessels. The relative 
overall risk for P. camtschaticus was low for international vessels and null for domestic 
vessels. This work can serve as a starting point for building a list of potential high risk 
species – a “grey” watch list – for the Canadian Arctic, and provides useful information for 
consideration in future decision making actions.  
Key words: Ecological risk assessment, ballast water, risk, likelihood of 
introduction, consequence of occurrence, impact.  
The third chapter was co-authored by me, Dr. Kimberly Howland, Dr. Chris 
Mckindsey and Dr. Philippe Archambault. It will be submitted in the winter session 2016 to 
the journal Biological Invasions. As first author, I conceived the research question and 
project, together with valuable input of the co-authors. I performed the risk assessment 
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analysis and wrote the manuscript, with the insightful participation of Dr. Howland, Dr. 
Mckindsey and Dr. Archambault. 
An outline of the ideas for this chapter was presented as oral and poster presentations 
on the 48th Canadian Meteorological and Oceanographic Society (CMOS) in Rimouski 
(Canada) in June 2014 and in the International Conference on Marine Bioinvasions in 
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INTRODUCTION 
Invasive species and global warming are among the most serious drivers of global 
environmental change and threaten marine biodiversity (Stachowicz et al., 2002a; 
Occhipinti-Ambrogi, 2007; Molnar et al., 2008). Successful establishment of an invasive 
species depends upon its successful completion of a series of transitions, each with 
independent probabilities of failure (Carlton, 1985; Kolar & Lodge, 2002). Vectors must 
uptake, transport, and deliver a sufficient number of viable propagules to an area outside of 
the species’ historic range. These individuals must be capable of surviving and reproducing 
under ambient physico-chemical and biological-ecological conditions (Herborg et al., 
2007).  
The principal global vector for unintentional introduction of aquatic invasive species 
is shipping (Carlton, 1985; Ruiz et al., 2000; Molnar et al., 2008). Species may be 
transported unintentionally during ballast water uptake/discharge and through the 
accumulation and transport of organisms on vessel surfaces (biofouling) or in protected 
areas, such as sea chests (Coutts & Dodgshun, 2007; Minchin et al., 2009). The global 
shipping network is responsible for approximately 90% of global trade (Kaluza et al., 2010; 
Xu et al., 2014), posing a substantial concern as it is the dominant vector of introduction. 
The “path length” between any two ports is the minimum number of connections or steps 
required to travel between them (based on recorded voyages in a given year) (Kaluza et al., 
2010). In 2007, the average path length between ports was 2.5 and the maximum was only 
8; most source-arrival destination pairs are connected by 2 or less steps (Kaluza et al., 
2010). Given that the shipping network is so well connected and important at a global scale, 
it is important to consider the potential for transport of aquatic invasive species since, once 
species become established in marine habitats, it is rarely possible to eliminate them 
(Thresher & Kuris, 2004).   
Commercial shipping has contributed between 44 to 78% of the initial invasions of 
all non-indigenous species to North America (Ruiz et al., 2015). Mid-ocean ballast water 
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exchange (BWE) has been the primary means of reducing the risks of introducing non-
indigenous species by transoceanic vessels. The water contained in ballast tanks from 
coastal ports can be effectively replaced with oceanic water through BWE  (e.g., 97-99% 
efficiency for bulk carriers and tankers). This helps reduce invasion risk by various 
organisms due to the salinity shock encountered by individuals remaining in tanks 
following BWE. Although this method has been shown to be very effective for freshwater 
species (Bailey et al., 2011), its efficacy for coastal marine species is variable (Simard et 
al., 2011) and may even increase invasion risk if novel (to receiving ports) oceanic species 
are added during BWE (Cordell et al., 2009).  
Sea surface temperature in the Arctic is warming at faster rates than other parts of the 
globe (Doney et al., 2012); seasonal minimal sea ice extent has decreased by 45,000 
km2/year over the past thirty years and  is estimated to be declining at a rate of -13.4% per 
decade (Stroeve et al., 2007; Meier and Stroeve, 2015). The Arctic is at risk of 
introductions due to global warming, resource exploitation and increases in project 
developments, and the associated increase in shipping activity (Smith & Stephenson, 2013; 
Gavrilchuk & Lesage, 2014; Miller & Ruiz, 2014). Most introductions have occurred in 
warmer, temperate regions, where there is greater shipping activity, but the rise in shipping 
activity in the Arctic is expected to increase the risk of exotic species introductions to 
Arctic waters in the near future (Niimi, 2004; Ware et al., 2014). It is predicted that, by 
mid-century, new shipping routes will open across the Arctic (e.g., the Northwest Passage 
that crosses the Canadian Arctic, linking the Atlantic and Pacific oceans) (Smith & 
Stephenson, 2013). Canada possesses approximately 16% of the world’s coastline, making 
it the country with the longest coastline in the world (Archambault et al., 2010). Most of 
this coastline is located in Arctic waters, covering almost 20% of the 10 million km2 of the 
Arctic Ocean (CAFF, 2013).  
Since the majority of introduced marine species are benthic (Streftaris et al., 2005), it 
is of particular interest to evaluate the potential for these organisms to be introduced in the 
Canadian Arctic. To date, there have not been any known ship-mediated introductions of 
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benthic invertebrates in the Canadian Arctic (Goldsmit et al., 2014). Nevertheless, recent 
studies have demonstrated that potential benthic invasive species are already arriving in the 
region (Chan et al., 2015). There has only been one potential shipping-mediated introduced 
species reported to date, the red alga Dumontia contorta, which was found by Mathieson et 
al. (2010), and seven species have recently been identified as cryptogenic (new species that 
could be either native or non-native) (Goldsmit et al., 2014). However, more numerous 
introductions and novel species in other high-latitude areas have been recently reported 
(Hines et al., 2000a; Ashton et al., 2008a; Svavarsson & Dungal, 2008; Alvsvåg et al., 
2009; Ruiz & Hewitt, 2009; Lambert et al., 2010; MacDonald et al., 2010; Gíslason et al., 
2014),. Yet, the Canadian Arctic is under sampled with few systematic surveys having been 
conducted, making the detection of new introductions more difficult (Archambault et al., 
2010; Piepenburg et al., 2011; CAFF, 2013; Roy et al., 2014). Given that high-latitudes 
have yet to experience a significant number of introductions of non-native species (Ruiz & 
Hewitt, 2009; Ware et al., 2014), we can only predict how these changes could affect the 
region. 
One way of assessing the risk of introduction of new species is to perform risk 
assessment, which is an effective tool for estimating risk potential in a systematic way 
(Force, 1996). It is the process by which undesired events (e.g., invasive species 
introduction) are identified and their consequences parameterized, including uncertainties 
related to the assessment process (Hewitt & Hayes, 2002). These types of studies can be 
used to evaluate the invasion potential associated with different shipping pathways and 
management strategies (Ricciardi & Rasmussen, 1998). Species level risk assessments 
provide information about the particular risk of a given species and risk is calculated with 
direct consideration of the characteristics of the organism (Barry et al., 2008). Pre-invasion 
assessments, which aim to predict the risk of invasion and impact in regions where the 
species have not yet arrived and/or established, can be useful in trying to prevent 
undesirable future impacts (Kumschick & Richardson, 2013; Kumschick et al., 2015). The 
use of watch lists combined with monitoring efforts in regions where the pre-invasion 
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assessment took place can lead to the discovery of the introduced species before they 
negatively impact the ecosystem (Locke, 2009; Moore et al., 2014). 
The aim of the present study is to characterize the relative ecological risk of future 
invasive species incursions in Canadian Arctic ports, with special emphasis on the 
development of a species-specific assessment protocol. The proposed methodology is a 
unique combination of risk components that can enable a comparative analysis between 
species being assessed and ports that have the potential to receive their propagules through 
ballast water discharge. This risk assessment framework will provide information that can 
be used in future management decisions regarding the development of preventive actions to 
limit new introductions, and act as a starting point to build a list of species with potential 
risk for the Canadian Arctic. 
MATERIALS AND METHODS 
Study area 
Eight ecoregions of the Canadian Arctic, as delineated by Spalding et al. (2007), were 
considered in this study (Figure 14). Shipping plays a key role in supporting Arctic 
communities, for the economy and for transporting resources by domestic and international 
shipping. Three Canadian Arctic ports receive considerably more traffic than do the others: 
Churchill, Deception Bay and Iqaluit (Figure 14). 
Churchill is located on the south western shores of Hudson Bay and is the major 
seaport in the region; its main activity is the export of grain by international traffic. 
Churchill receives the highest number of vessels and volume of ballast discharge, and is 
environmentally similar to a large number of connected source ports with established high 
risk non-indigenous species (relative to other ports in the Canadian Arctic) (Chan et al., 
2012). Shipping activity for the port of Deception Bay is related to two nickel mining sites, 
one of them exporting concentrate to Quebec, and the other to Europe (Arctic-Council, 
2009; Gavrilchuk & Lesage, 2014).  
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Deception Bay is among the top 3 ports in the Canadian Arctic with respect to 
number of arrivals and volume of untreated ballast water released for international and 
coastal domestic merchant vessels. This port was also found to have high environmental 
similarity with a large number of its source ports, thus increasing the probability of survival 
of species introduced from linked ports (Chan et al., 2012).  
 
Figure 14: Main arrival ports in the Canadian Arctic and ecoregions. Numbers on the map 
correspond to port names: Tuktoyaktuk (1), Resolute Bay (2), Nanisivik (3), Milne Inlet 
(4), Pond Inlet (5), Clyde River (6), Hall Beach (7), Longstaff Bluff (8), Broughton Island 
(9), Cape Dyer (10) Pangnirtung (11), Breevoort (12), Loks Land (13), Iqaluit (14), Cape 
Dorset (15), Killinek (16), Kangiqsualujjuaq (17), Kujjuaq (18), Tasiujaq (19), Aupaluk 
(20), Quaqtaq (21), Wakeham Bay (22), Deception Bay (23), Salluit (24), Ivujivik (25), 
Akulivik (26), Puvirnituq (27), Inukjuak (28), Kuujjuaraapik (29), Churchill (30), Arviat 
(31), Rankin Inlet (32), Chesterfield (33), Repulse Bay (34), and Pelly Bay (35). 
Iqaluit’s port is used for different activities: dry cargo handling (government, 
commercial and private use), petroleum, fisheries, tourist cruise ships, military and research 
vessels, Canadian Coast Guard, and small craft operators including hunters and fishers 
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(Aarluk-Consulting et al., 2005). The annual volumes of dry goods and petroleum products 
shipped to Iqaluit have been increasing dramatically, and tourism and other marine 
activities have also increased markedly since 1980 (Aarluk-Consulting et al., 2005). Iqaluit 
is characterized by having a high level of international and coastal domestic merchant 
vessels and international non-merchant arrivals, and it is among the top ports in the 
Canadian Arctic for invasion risk via hull fouling (Chan et al., 2012). The other ports in the 
Canadian Arctic (Figure 14) are less active, receiving mostly domestic vessels and a few 
international vessels with very few ballast discharge events (Chan et al., 2012). Exceptions 
are ports opening with new developments which are expected to have rapid increases in 
shipping over coming years (Gavrilchuk & Lesage, 2014). Although some of these (e.g., 
Milne Inlet, Nunavut, Baffinland Inc.) are expected to exceed the top ports in the Canadian 
Arctic with respect to future arrivals and discharge, they are not considered within the 
scope of this assessment which relies on shipping data from the recent past. 
Invasive species characterization 
To identify potentially invasive species for use as case studies to evaluate the 
developed risk assessment protocol, factors including the capability of being introduced 
outside of a species’ native range, potential impacts, strength and type of ecological 
interactions, current distribution and relationship with vectors (e.g., ballast water), need to 
be identified (David et al., 2015). The species selected for this ecological risk assessment 
are among those that are invasive elsewhere, not present in the Canadian Arctic but present 
in ports that are connected to Canadian Arctic ports, and that have predicted habitat 
suitability in present environmental conditions according to Goldsmit et al. (Chapter N°2). 
These included: 1) the common periwinkle Littorina littorea, 2) the soft-shell clam Mya 
arenaria and 3) the red king crab Paralithodes camtschaticus. In addition to certain regions 
of the Canadian Arctic already being suitable for these three species, the predicted extent of 
suitable habitat will increase under climate change scenarios by mid-century (Goldsmit et 
al., Chapter N°2). The three case species are benthic invertebrates with different invasion 
histories and different survival strategies, but have the shared characteristic of a larval 
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phase that is long enough to be transported by ballast water (Table 7). Another common 
characteristic of these species is that all are ecosystem engineers and are thus regarded as 
high impact/risk species that can influence ecosystem properties and biodiversity (Bouma 
et al., 2009).    
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Risk is defined as the combination of the likelihood of an event occurring, and the 
consequences of the event if it were to occur (Gibbs & Browman, 2015). In this study, 
“likelihood of an event” is defined as the likelihood of introduction of non-indigenous 
species (a combination of arrival, survival, and establishment), and “consequence” is 
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defined as the consequence of occurrence that a species could have if it arrives and 
establishes in a specific location. Overall risk is calculated as the product of likelihood of 
introduction and consequence of occurrence per port, year and species associated with 
individual vessel discharges (Figure 15). This is a relative risk assessment since the risk 
values are compared between ports and species assessed. Methods were adapted and 
modified from Hewitt et al. (2006), Therriault et al. (2008) and Mandrak et al. (2012). The 
assessment was done at an ecological level; no economic or social impacts were 
considered.   
 
Figure 15: Relative risk assessment diagram showing how the overall risk was calculated: 
likelihood of introduction (arrival x survival/establishment) combined with the 
consequence of occurrence (impact x habitat sensitivity). 
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Likelihood of introduction 
The potential for successful species introduction was calculated as the product of: a) 
likelihood of arrival (ballast water from shipping as the sole vector considered); and b) 
likelihood of survival-establishment (probability of suitable conditions and habitat available 
for a given species released in the receiving environment); modified from Mandrak et al. 
(2012) (Section 1 in Figure 15). 
The likelihood of arrival was based on shipping information from several databases 
for vessels that arrived at Canadian Arctic ports between 2005-2014: Transport Canada, 
Howland and Simard unpublished data and Casas-Monroy et al. (2015). Vessels were of 
both domestic (N= 75) and international (N= 178) origin and mainly included bulk carriers 
and, merchant vessels, but also passenger ships and tugboats. Ballast discharge information 
was summarized by arrival port, type of BWE, pre-exchange ballast water source, and last 
port of call for vessel categories. When possible, data on tank-specific pre-exchange ballast 
water source(s) for each vessel were used for the analysis as ballast water from individual 
tanks can have different histories and may not originate from the last port of call. When 
tank-specific information was not available (NDomestic= 47 of 75 vessels, NInternational= 68 of 
178 vessels), the ballast source was assumed to be from the last port of call. Since this 
ecological risk assessment is species-specific, only ballast water sources originating from 
ports where the species of concern was known to be present (either in their native or 
introduced range) were included in the analyses described below.  
Likelihood of arrival 
Relative likelihood of arrival for each vessel was estimated as the product of the 
volume of ballast water discharged (using a correction factor for BWE, see below) at an 
arrival port and the risk score for vessel transit time (Section 1a in Figure 15). Individual 
ballast water sources related to a given port of arrival were then combined to calculate an 
average likelihood per vessel by pathway (international or domestic), port, year, and 
species. International vessels were defined as those that operated outside of the Canadian 
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exclusive economic zone and performed mid ocean exchange (MOE) prior to entering 
Canadian waters. Domestic vessels were defined as those that operated entirely within 
Canadian waters, and are exempt from submitting ballast water reports or performing 
BWE. These vessels do not perform BWE, or if they do, it is typically a coastal BWE. It 
has been shown that, in some cases this practice may decrease the BWE efficacy by 
increasing diversity of species beyond what was originally taken up in ballast in source 
ports (McCollin et al., 2008).  
A correction factor was applied to the volume discharged according to the type of 
BWE performed to account for reduction in propagule supply due to ballast water 
management activities. To this end, ballast water discharge information was categorized 
according to where BWE was done and if it was performed. When information on the type 
of BWE was missing, it was assumed that international vessels had performed MOE (N= 5) 
and that domestic vessels did not perform any ballast water management (N= 15). An 
exception was the MV Arctic, which regularly transits from Quebec City to Raglan Mines 
in Deception Bay, which was assumed to have performed voluntary coastal BWE as this is 
normal practice for this vessel (K. Howland, pers. comm.). In cases where a vessel was 
known to have discharged ballast water in a given port, but the volume was not provided, 
the volume discharged was assumed to be equivalent to the volume of ballast water on 
board (NDomestic= 11 of 75 vessels, NInternational= 38 of 178 vessels). Following categorization 
of BWE practices, correction factors were applied to the reported volumes of exchanged 
ballast water: 0.1 for ships with a saline ballast water source and 0.01 for freshwater source. 
These values are based on published BWE efficacy rates from total zooplankton abundance 
after BWE (90% for saline water and 99% for freshwater) (Ruiz & Smith, 2005; Gray et 
al., 2007) and have been applied in other risk assessments (Chan et al., 2012). When BWE 
was not performed, no correction factor was applied and the complete volume discharged 
was considered in the calculation. 
The corrected discharged volume was combined with a factor of transit time, which 
was calculated as the difference between the date the pre-exchange ballast water was taken 
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up at the source port and the date when the ballast water was discharged at the arrival port. 
Transit time was included to reflect the fact that the faster an organism reaches the 
destination port, the greater the chance it has of surviving the voyage and establishing a 
viable population in the new environment (Lockwood et al., 2007). In particular, benthic 
taxa with a single planktonic life stage (e.g., gastropods and bivalves with planktonic larval 
stages) are less vulnerable to mortality in transit (Wonham et al., 2001). Details on the 
planktonic life stages of all case species (normal and maximal larval periods) are available 
and were taken into consideration in ranking the transit times as low, moderate, and high 
(scored from 1 to 3, respectively). A low score was assigned when the transit time was 
longer than the maximum duration known for the larval stage of the species. Conversely, a 
high score was assigned when the transit time was lower than the average larval stage. 
Moderate scores were assigned to transit times that were between the average and 
maximum larval stage duration. In cases where information on the date of ballast water 
uptake was missing for transits (NDomestic= 51 of 75 vessels, NInternational= 46 of 178 vessels), 
an average of all other transit times was used to complete the missing information. Final 
values for likelihood of arrival were normalized from 0 to 1 (with 1 being the highest). 
Likelihood of survival-establishment 
Likelihood of survival and establishment was calculated as the product of habitat 
suitability for each species assessed and a score for the time of year when ballast water was 
discharged per vessel (Section 1b in Figure 15). These values were then combined to 
calculate an average likelihood of survival-establishment per pathway (international or 
domestic), port, year, and species. Habitat suitability was estimated based on the predicted 
suitability of regions for a given case species, resulting from species distribution modelling 
(SDM) using MaxEnt (Phillips et al., 2006; Elith et al., 2011). To this end, sea surface and 
bottom temperature, sea surface and bottom salinity, bathymetry and ice coverage were 
employed as environmental predictors (Goldsmit et al Chapter N°2). The model predictions 
of habitat suitability were interpreted as likelihood of survival and establishment (Mandrak 
& Cudmore, 2015) of each species for a given region of the Arctic. To standardize results 
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among organisms, the maximum absolute probability value generated by the model in the 
region of study was considered to be the highest likelihood of survival-establishment across 
all three species combined.  
Since likelihood of survival and establishment can be expected to vary among 
seasons (Simard & Hardy, 2004; Simard et al., 2011), the time of the year when the ballast 
water was discharged was taken into consideration. Low, moderate and high scores were 
assigned when the ballast water was discharged in winter, spring/autumn, and summer 
(ranked from 1 to 3, respectively). These ranked scores are based on the idea that the 
majority of temperate species – those most likely to be introduced – reproduce and recruit 
during the warmer seasons and would be best able to survive when waters are at their 
warmest (Simard & Hardy, 2004).  
Consequence of occurrence 
In this study, the consequence of occurrence is the potential consequences that a 
species can have if introduced and established in an environment. This section was 
calculated as the product of the scores of impact and habitat sensitivity of the receiving 
habitat (Section 2 in Figure 15). 
Impact 
Impact (Section 2a in Figure 15) is defined as a measurable change in the ecological 
state of an invaded ecosystem that can be attributed to the non-indigenous species 
(Ricciardi et al., 2013). This includes any change in ecological or ecosystem properties. 
The impact that a species has had elsewhere has been shown to be a good predictor of 
impact in the new environment (Hayes & Barry, 2008). This risk component was therefore 
ranked based on documented information in other places where each species is invasive. 
Web of Science was used to search for documented information on each species. The name 
of each species was combined with “impact” and “invasion” as key words. The reported 
effects were divided into four categories and scored using impact rankings adapted from 
(Hewitt et al., 2006) (Table 8). These categories include: 1) changes in biodiversity, 
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abundance and distribution, 2) changes in interspecific interactions (e.g., competition with 
native species for resources or space), 3) habitat (changes in the physical environment) and 
4) trophic interactions (e.g., predation on native species). These four factors were ranked 
from low to high (1 to 3 respectively) and summed to produce a score for impact of 
potential introduction.   
Table 8: Categories for ranking impact of non-indigenous species. Modified from Hewitt et 
al. (2006). 
 Low Moderate High 
Biodiversity, abundance 
and distribution impact 
Reduction in species richness 
and composition are not readily 
detectable 
Loss of one species. Small 
reduction of species richness 
Likely to cause local extinction. 
Loss of two or more species  
Interspecific interactions 
No inter-relationship changes One kind of inter-relationship 
affected. 
Two or more kinds of inter-
relationship affected. 
Habitat impact 
No significant changes to 
habitat types 
Changes in habitat types and the 
habitat can be easily recovered 
Significant affected habitat area. 




No significant changes in 
trophic level species 
composition. No change in 
relative abundance of trophic 
levels (biomass) 
Minor changes in trophic 
interactions 
Significant change in relative 
abundance of trophic levels and 
reduction of population 
abundances for top predator 




The habitat sensitivity (Section 2b in Figure 15) criterion was used to include 
inherent variation in how susceptible receiving areas could be impacted by the introduction 
of the novel species included in the analysis. Certain areas have been identified as 
biologically important in the Canadian Arctic, and this information was used to develop a 
proxy for habitat sensitivity. To this end, information on Ecologically and Biologically 
Significant Areas (EBSAs, Kenchigton et al., 2011) was used to determine the extent to 
which ports were in areas identified as possessing key ecological and biological attributes 
(Kenchington et al., 2011). In addition, more detailed information on certain species groups 
was also incorporated into the index, including: 1) overlapping species (4 or more 
overlapping species), 2) areas of high biological importance (highly productive areas due to 
particular conditions), and 3) hot spots and areas of special interest (areas of high diversity 
and/or high biomass) (Stephenson & Hartwig, 2010). Although this latter data set is biased 
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toward harvested species, it was thought to be the best available proxy for areas of 
particular biological importance that could be more sensitive to the arrival of introduced 
species. To rank ports for habitat sensitivity, each was evaluated to determine the degree to 
which it overlaps with the spatial distribution of these four variables (EBSA, overlapping 
species, high biological importance and hot spots). Ports that overlapped with one, two to 
three, or four sensitivity variables were considered to have low, moderate, and high habitat 
sensitivity, and were assigned scores from 1 to 3, respectively.   
Overall risk 
All components described above were combined to evaluate overall risk as shown in 
Figure 15. Prior to determining overall risk, the likelihood of introduction and the 
consequence of occurrence were normalized from 0 to 1, using the minimum and maximum 
values across all three species combined, to standardize results among organisms and ports. 
The normalized values for these two risk components were combined in a risk matrix 
depicted using a gradient approach to provide the overall risk (Mandrak et al., 2012). Risk 
matrices were constructed for each species by arrival port and year, for both domestic and 
international transits associated with vessel discharges. The use of this gradient approach 
enables illustration of the continuous nature of overall risk both spatially (ports) and 
temporally (years) along the gradients of likelihood of introduction and consequence of 
occurrence for each species (Mandrak et al., 2012).  
Uncertainty 
The strength of a risk assessment is dependent on the uncertainty associated with the 
data (Mandrak et al., 2012) and must be explicitly considered for each step of the risk 
assessment based on the extent of available information and gaps. Three types of 
uncertainty exist: stochastic, imperfect knowledge, and human error. In this study, the 
greatest uncertainty affecting the assessment was imperfect knowledge. Thus, both the 
quality and quantity of data available to assess probability of introduction and magnitude of 
consequences were incorporated in uncertainty as recommended by Mandrak and Cudmore 
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(2015). Uncertainty was considered in each step of the risk assessment according to the 
availability and kind of information used following a modified approach from Therriault et 
al. (2008). Uncertainty was considered high when limited scientific information was 
available. In contrast, it was considered low when the analysis was based on substantial 
scientific information. It was also considered low when quantitative methods, such as the 
habitat suitability modelling used to calculate the likelihood of survival/establishment, were 
used in the risk assessment. Uncertainty was considered moderate when there was 
intermediate level of information. Overall uncertainty was considered to be equivalent to 
the highest uncertainty associated with any variables used in the analysis (Mandrak et al., 
2012).  
RESULTS 
Deception Bay received the highest average annual domestic arrivals at 7.5, followed 
by Churchill with 3.6 and Iqaluit with 2.5 (Table 9). Among international vessels Churchill 
received the highest average annual arrivals at 16.1 followed by Pond Inlet with 3.5 and 
Iqaluit with 2.5. Of all domestic ships arriving to Canadian Arctic ports, 93.3% discharged 
ballast at the ports of arrival, while for international ships it was 70.8% (for a complete list 
of results see Table 9, and refer to Figure 14 for geographical location of ports). The pre-
exchange ballast water source differed from the last visited port for 11.1% of domestic 
arrivals and 31.1% of international arrivals.  
Ports with highest domestic and international average annual arrivals did not coincide 
with the ports receiving the highest vessel-specific corrected volumes of ballast water 
discharge. For domestic arrivals, Deception Bay received the highest volume/vessel 
(6140.5 ± 2542.9 MT/year), followed by Churchill (5624.9 ± 6356.7 MT/year) and 
Aupaluk and Broughton Island (3971 MT/year). For international arrivals, Cape Dyer 
received the highest volume/vessel (3971 MT/year), followed by Churchill (961.2 ± 646.3 
MT/year) and Deception Bay (390.9 ± 637.4 MT/year). These results reflect that there were 
ports that received a lower number of arrivals, but the mean ballast water discharged/vessel 
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was higher than other ports with a higher number of arrivals (e.g., Deception Bay had a 
lower number of arrivals per year than Iqaluit and Pond Inlet, but the amount of ballast 
water discharged/vessel for international arrivals was higher).   
Table 9:  Number of domestic and international transits with information on the corrected 
ballast water discharged. Ports with highest average of arrivals and average vessel-specific 
quantities of corrected ballast water discharged are highlighted in bold. Next to the name of 
each port, shown as superscript, is the reference number of that port in Figure 14. All 
information included in this table is according to the data that was found available during 
the years 2005-2014 for the used data sources: Transport Canada, Howland and Simard 
unpublished and Casas-Monroy et al. (2015). 
Domestic arrival 
ports 
Year of arrival N°  of 
arrivals per 
year 




N° of vessels that 








2005 1  1  0 3971 (0) 
Port mean/year  1  1  0 3971 (0) 
Broughton Island9 
2005 1  1  0 3971 (0) 
Port mean/year  1  1  0 3971 (0) 
Chesterfield33 
2007 1  0 1  0  
Port mean/year  1  0 1  0  
Churchill30 
2005 4  4  0 11257.3 (7844.7) 
2006 7  7 0 1486.6 (933.6) 
2007 1  1  0 160.7 (0) 
2013 3  3  0 10736.8 (3534.7) 
2014 3  3  0 4480.5 (5119.6) 
Port mean/year 3.6 3.6 0 5624.9 (6356.7) 
Clyde River6 
2010 1  0 1  0 
Port mean/year 1  0 1  0 
Deception Bay23 
2005 6 6  0 10253 (0) 
2006 6  6  0 10253 (0) 
2007 7  4  3  7542.1 (4161.9) 
2008 10  10  0 9273.6 (2042.8) 
2013 10  10  0 82633.9 (2010) 
2014 6   6  0 8787.2 (1197.1) 
Port mean/year  7.5 7 0.5 6140.5 (2542.9) 
Inukjuak28 
2005 1  1  0 3384 (0) 
Port mean/year  1  1  0 3384 (0) 
Iqaluit14 
2005 3  3  0 3775.3 (276.7) 
2006 2  2  0 3365.5 (605.5) 
Port mean/year  2.5 2.5 0 3611.4 (482.6) 
Kuujjuaraapik29 
2005 1  1  0 6.9 (0) 
2007 1  1  0 3384 (0) 
Port mean/year 1 1 0 1695.5 (1688.6) 
International 
arrival ports 
Year of arrival N°  of 
arrivals per 
year 




N° of vessels that 








2010 1  0 1  0  
Port mean/year  1  0 1  0  
Cape Dyer10 
2007 1  1  0 3971 (0) 
Port mean/year 1  1  0 3971 (0) 
Chesterfield33 2010 1  0 1  0  
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Port mean/year  1  0 1  0  
Churchill30 
2005 12  12  0 632.2 (480.3) 
2006 12  10  2  1343 (1023.5) 
2007 21  18  3  933.7 (507.8) 
2008 18  17  1  936.9 (625.5) 
2009 17  17  0 569.4 (368.9) 
2010 22  20  2  988.5 (472.9) 
2013 14  14  0 1222.1 (880.3) 
2014 13  13 0 880.3 (663.7) 
Port mean/year  16.1 15.1 1 961.2 (646.3) 
Clyde River6 
2010 1  0 1  0  
Port mean/year  1  0 1  0  
Deception Bay23 
2007 2  1  1  1494.6 (0) 
2008 1  0 1  0 
2009 2  1  1  0.54 (0.54) 
2010 1  0 1  0 
2011 1  1  0 23.4 (0) 
2013 1  1  0 45.1 
Port mean/year 1.3 0.7 0.7 390.9 (637.4) 
Iqaluit14 
2007 4  0 4  0 
2008 3  0 3  0 
2009 1  0 1  0 
2010 2  0 2  0 
Port mean/year  2.5 0 2.5 0 
Kuujjuak18 
2010 1  0 1  0 
Port mean 1  0 1  0 
Pangnirtung11 
2008 1  0 1  0 
2009 2  0 2  0 
Port mean/year 1.5 0 1.5 0 
Pond Inlet5 
2006 2  0 2  0 
2008 4  0 4  0 
2009 3  0 3 0 
2010 5  0 5  0 
Port mean/year 3.5 0 3.5 0 
Rankin Inlet32 
2009 1  0 1  0 
Port mean/year  1  0 1  0 
Resolute Bay2 
2008 1  0 1  0 
Port mean/year 1  0 1  0 
Tuktoyaktuk1 
2008 4  0 4  0 
2009 2  0 2  0 
2010 1  0 1  0 
Port mean/year  2.3 0 2.3 0 
 
Likelihood of introduction 
Likelihood of arrival 
Four ports of arrival received vessels with domestic ballast water originating from 
regions where both the periwinkle L. littorea and the soft shell clam M. arenaria were 
present (Figure 16, a and c). Among these, Deception Bay (years 2005, 2006, 2008, 2013 
and 2014) and Churchill (year 2005) had the highest annual likelihood of arrival per vessel 
for both species (Table 10). Nine ports of arrival received vessels with international ballast 
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water originating from regions where L. littorea was present, while for M. arenaria the 
number of ports was ten (Figure 16, b and d). For both species, Churchill had the highest 
annual likelihood of arrival per international vessel when compared to other ports. 
Nevertheless, these likelihoods can be considered low for all years (2005 to 2014) since the 
maximum likelihood was 0.29 on a scale from 0 to 1 (Table 10). For all the other ports 
receiving international vessels, likelihoods of arrival were zero or close to zero since low 
quantities of ballast water were discharged or no discharge at all was associated with ballast 
water coming from places where these species are known to occur (Table 10). In the case of 
the red king crab P. camtschaticus, only the port of Tuktoyaktuk is connected to an 
international port where the species is present (Table 10, Figure 16e). The likelihood of 
arrival for this species through international ballast water is zero since discharge of ballast 
water was null. (See Appendix VI for complete information on ballast water discharged per 
vessel at each port per pathway and species assessed). Uncertainty in this section was 
considered to be moderate due to the assumptions that needed to be made to complete the 
database of shipping arrivals. 
Likelihood of survival-establishment  
The likelihood of survival and establishment of species based on SDM under current 
environmental conditions is shown in Figure 17. For L. littorea and M. arenaria, even 
though the probabilities are low, there are many coastal areas where the habitat is suitable. 
Only a few ports, including Resolute Bay and Pond Inlet, are situated where the habitat is 
unsuitable. In contrast, habitat suitability for P. camtschaticus is generally much higher and 
much more extended throughout the Canadian Arctic; however, currently there is only one 
potential port of arrival. Uncertainty in this section was considered to be low given that it is 
based on substantial information and proven quantitative methodology. 
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Figure 16: Ports of arrival for the Canadian Arctic coming from regions were the species 
assessed are present: a) domestic arrivals Littorina littorea, b) international arrivals 
Littorina littorea, c) domestic arrivals Mya arenaria, d) international arrivals Mya 
arenaria, e) international arrivals Paralithodes camtschaticus. Port names are shown as the 
following: Chesterfield (Chest), Churchill (Ch), Clyde River (CR), Deception Bay (DB), 




Table 10: Likelihood of arrival per port and year according to species assessed and 
pathway. Values represent normalized annual average likelihoods per vessel. Values vary 
from 0 to 1, with 1 being the highest likelihood of arrival. 
Port Year Littorina littorea Mya arenaria 
Paralithodes 
camtschaticus 
  Domestic International Domestic International International 
Chesterfield 
2007 0  0   
2010  0  0  
Churchill 
2005 1 0.15 0.67 0.14  
2006  0.29  0.29  
2007  0.17 0.01 0.16  
2008  0.21  0.20  
2009  0.16  0.18  
2010  0.14  0.17  
2013  0.26  0.24  
2014 0.15 0.17 0.15 0.14  
Clyde River 2010    0  
Deception Bay 
2005 0.90  0.60   
2006 0.90  0.60   
2007 0.30 0.05 0.20 0.15  
2008 0.81 0 0.60 0  
2009  0  0  
2010  0  0  
2011  0  0  
2013 0.73 0 0.71 0  
2014 0.77  0.59   
Iqaluit 
2007  0  0  
2008    0  
2009  0  0  
2010  0  0  
Kuujjuaraapik 2005 0  0   
Pangnirtung 2009  0  0  
Pond Inlet 2010  0  0  
Rankin Inlet 2009  0  0  
Resolute Bay 2008  0  0  
Tuktoyaktuk 
2008    0 0 
2009  0  0  
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Figure 17: Likelihood of survival and establishment based on habitat suitability for 
Littorina littorea, Mya arenaria and Paralithodes camtschaticus under current 
environmental conditions. All colored areas are to some extent suitable for the species 
(modified from Goldsmit et al., Chapter 2). 
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Consequence of occurrence 
Impact 
Evidence for impacts of the species assessed in this study is given in Table 11. All 
three species have a history of known effects in other environments in all four impact 
categories. The scores of potential impact varied from moderate to high, depending on the 
species and the category, with P. camtschaticus having the highest overall combined score 
for impact. Uncertainty was considered to be low given the substantial scientific 
information available. 
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Ports that received any domestic or international ships in the study period were 
evaluated for habitat sensitivity. The ports with highest sensitivity were Deception Bay, 
Pangnirtung and Resolute Bay (Figure 18). All other ports that received domestic or 
international vessels had moderate sensitivity. None of the ports considered in this section 
of the study were characterized as having low habitat sensitivity. Uncertainty for habitat 
sensitivity was considered to be low given that the information used in this section was 






Figure 18: Ports showing locations and habitat sensitivity according to the overlap of 
sensitivity variables. 
Overall risk 
Relative likelihood of introduction was combined with consequence of occurrence in 
gradient matrices to illustrate overall vessel-specific risk for each species, port and year for 
both domestic and international arrivals (Figure 19 and Figure 20). Generally, overall risk 
levels varied greatly among ports, years, species and pathways. In a few cases, such as 
domestic vessels arriving at Deception Bay, there was a trend for increasing risk through 
time. In general, domestic discharge events posed a higher relative overall risk than did 
international discharges. In particular, vessel discharges in the port of Deception Bay posed 
the highest overall risk for domestic arrivals, followed by the port of Churchill; while for 
international arrivals no particular port appeared to be at highest relative overall risk.  
The patterns of overall risk associated with discharges from domestic vessels were 
similar for L. littorea and M. arenaria. For the periwinkle L. littorea, risk was variable for 
Churchill, with moderate to high overall risk in 2005, and low to moderate risk in 2014. In 
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contrast, overall risk for Deception Bay was relatively stable through time, at moderate to 
high from 2005 to 2014; although it was low to moderate in 2007 (Figure 19a). For 
international vessels, most of the ports receiving traffic from regions where the species is 
present had low relative overall risk associated with vessel discharges, with the exception 
of Deception Bay in 2007, where relative overall risk was low to moderate (Figure 19b). 
For the soft shell clam M. arenaria, domestic vessels arriving at Churchill varied between 
years, ranging from low to moderate risk. Relative risk to Deception Bay generally 
increased from moderate (2005-2007) to high (2008-2014) (Figure 20a). For international 
arrivals, most ports showed a low relative overall risk, with the exception of Resolute Bay, 
which varied from low to moderate (Figure 20b). Although some of these ports could be 
highly impacted, the likelihood of introduction for M. arenaria is generally low for 
international vessels, resulting in decreased overall risk. For red king crab P. 
camtschaticus, only one port in the Canadian Arctic was connected to a region where this 
species is present and it only received one international ship, on a single occasion, which 
did not discharge ballast. Thus, no risk matrix is shown for this species. The overall risk for 
the red king crab was low for Tuktoyaktuk, mainly due to a low likelihood of arrival. 
However, this species would be expected to have a high consequence of occurrence if 
introduced.  
The uncertainty associated with likelihood of introduction was moderate 
(combination of moderate uncertainty for likelihood of arrival and low uncertainty for 
likelihood of survival/establishment), and low for consequence of occurrence (combination 
of low uncertainty for impact and low uncertainty for habitat sensitivity). Hence, the overall 
uncertainty was moderate since it is based on the combination of moderate uncertainty for 





Figure 19: Risk matrix depicted as a gradient showing the differences between ports and 
years for Littorina littorea for a) domestic and b) international vessels. Colors represent 
overall risk associated with vessel discharges: Low (green), moderate (yellow) and high 
(red). Port names are shown as the following: Chesterfield (Chest), Churchill (Ch), 
Deception Bay (DB), Iqaluit (Iq), Kuujjuaraapik (Kuuj), Resolute Bay (RB). G1 is a group 
of port/years having low risk and being all close to each other. G1 includes: Chesterfield 
2010, Pond Inlet 2010, Rankin Inlet 2009 and Tuktoyaktuk 2009. 
 
 




Figure 20: Risk matrix depicted as a gradient showing the differences between ports and 
years for Mya arenaria for a) domestic and b) international vessels. Colors represent 
overall risk associated with vessel discharges: Low (green), moderate (yellow) and high 
(red). Port names are shown as the following: Chesterfield (Chest), Churchill (Ch), 
Deception Bay (DB), Iqaluit (Iq), Kuujjuaraapik (Kuuj), Resolute Bay (RB). G1 is a group 
of port/years having low risk and being all close to each other. G1 includes: Chesterfield 







This relative risk assessment provides information on the potential risk of 
introduction and impact for three species that are not, to our knowledge, currently present 
in the Canadian Arctic, but for which there is likely suitable habitat for their survival and 
establishment in the region. The methodology used in the present study is unique in that it 
considers ballast water sources and the distribution of invasive species (e.g., the potential 
availability of invasive species propagules in ballast water sources). Moreover, it evaluates 
the relative risk of each port, each year, for each species considered, thus allowing for 
ecological risk assessment at the species-level. The results show that ports in the Canadian 
Arctic have likely been exposed to propagules of invasive species established in connected 
ports, especially via domestic vessels. Although the current likelihoods of introduction for 
the species considered in this study are generally low, it is important to note that the 
consequence of occurrence of their establishment ranges from moderate to high for most of 
the ports. Thus, if vessel-specific ballast water discharges increase in the future, so will the 
relative overall risk. This is a plausible scenario given that shipping activity in the Canadian 
Arctic is expected to increase in the future due to the opening of seasonal trading routes 
through the North West Passage and increasing resource exploitation in the region (Smith 
& Stephenson, 2013; Gavrilchuk & Lesage, 2014). This scenario could be also influenced 
by the projected increase in the habitat suitability of the species in the region, as shown in 
Chapter 2.  
Ballast water discharges were shown to be temporally and spatially variable such that 
potential for introduction is not uniform among Canadian Arctic ports, in agreement with 
the work by Chan et al. (2013). On the other hand, potential impacts vary by species and 
location. Thus, overall risk of vessel discharges may fluctuate according to location, time 
and species when all factors are considered. In general, the Hudson Bay Complex can be 
considered to be at higher relative risk compared to the other regions in the Canadian 
Arctic. This can be explained by the fact that this region receives a greater proportion of 
vessels coming from regions where the species of concern are present, combined with the 
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type of exchange performed, and given that majority of vessels’ destination ports are 
situated in this area. Moreover, there is evidence that these ports have a higher 
environmental similarity with a large number of their connected ports (Chan et al., 2012). 
In particular, vessel discharges in Deception Bay were found to pose greater overall risk in 
some years for some species, relative to other ports receiving a higher number of vessel 
discharges, such as Churchill, because of the unique combination of ballast 
history/discharges and consequence of occurrence.  
Management actions vary by vessel origin. International vessels are required to 
perform MOE of ballast water prior to entering Canadian waters. In contrast, domestic 
vessels operating within Canadian waters are exempt from ballast water exchange 
requirements, although some do so on a voluntary basis. Depending on the source port, 
domestic vessels that do not conduct BWE may transport large volumes of ballast from 
other marine regions of Canada that may include some of the invasive species considered in 
this study. Discharge of un-exchanged ballast water can thus represent a higher actual 
likelihood of introduction (DiBacco et al., 2012). However, domestic vessels originating 
from freshwater ports and undertaking voluntary ballast water exchange in brackish/saline 
coastal waters may also inadvertently increase the probability of introducing propagules of 
the marine species assessed in this study, which would not have otherwise been present in 
the original freshwater ballast. Hence, risk is expected to vary among ports as a function of 
source, discharge, and treatment of ballast water, in agreement with Verling et al. (2005) 
and Cordell et al. (2009). However, successful invasion may require multiple introductions 
(Lockwood et al., 2005) and the volume and location of ballast water release might be more 
important for introduction success than the number of organisms contained in the released 
water (Drake et al., 2005). Yet, the number of propagules released in a given event may 
also be important, since the higher the number of individuals released, the more likely some 
will survive stochastic events (Lockwood et al., 2007). In any case, the correct combination 
of suitable environmental conditions need to be adequate for the establishment and growth 
of the individuals to occur (Carlton, 1996a). Alternative approaches for ballast water 
management such as release of smaller volumes at multiple independent locations instead 
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of the current practice of larger volumes into a single enclosed port region have been 
proposed as a way to decrease the risk of all propagules arriving to the same port and 
establishing (Drake et al., 2005).  
Ballast water release and hull fouling are thought to be the most important invasion 
vectors for aquatic organisms (Ruiz et al., 1997; Ruiz et al., 2015). Therefore, accurate ship 
history is of great importance in assessing risk of ballast discharge. Importantly, 
distinguishing between the last port of call and the ballast water source, as was done in this 
risk assessment, should logically increase the accuracy of assessing the risk of any given 
discharge event and, when available, this information should always be used. This is 
particularly important when assessing the risk of a given species for which distributional 
data is available, as it provides a better estimate of risk for species that, if introduced, may 
have dramatic consequences (David et al., 2015). If ballast origin is incorrectly attributed, 
results in this type of risk assessment may be misleading. To our knowledge, no other 
pathway risk assessment studies have considered ballast water source differently from the 
source port. Another important component of ship history is transit time (time since ballast 
uptake until it is discharged) which impacts biological communities in ballast water (Briski 
et al., 2012). Natural mortality in ballast water tanks has been observed (Simard et al., 
2011) and, all else being equal, proximity of donor region and ballast water age will affect 
propagule condition (Lockwood et al., 2007), such that propagules that spend less time in 
ballast will be more able to survive transit and establish. Despite propagule mortality due to 
ballast water treatment, degrading conditions, and natural senescence, some individuals 
may continue to survive transits, as shown by sampling organisms in ballast water upon 
arrival in receiving ports (Lockwood et al., 2007). In particular, benthic invertebrates that 
spend only part of their lives as plankton (e.g., gastropods and bivalves) appear to be less 
vulnerable to mortality en route (Wonham et al., 2001). Thus, although it is not possible to 
predict when arrivals might occur, a precautionary approach is recommended given the 
possibility of propagules being discharged in the recipient port (David et al., 2015). 
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Predicting a species establishment in an environment needs to be carefully evaluated 
by considering life stages, seasonal variations, and abiotic tolerances (Barry et al., 2008; 
David et al., 2015). The present risk assessment took all these factors into consideration in 
the overall risk calculation by including transit time relative to the length of planktonic 
stage for each species, and the season when the ballast water was discharged. These factors, 
when combined with the use of predicted habitat suitability, should improve the preciseness 
of risk assessments allowing analyses to be done at a species level. The present study 
assessed the overall risk of two mollusks (Littorina littorea and Mya arenaria) and one 
crustacean (Paralithodes camtschaticus). A common characteristic of these species is that 
they all include a long-lived feeding planktonic larval period (planktotrophic). Larval 
ecology (i.e., short-lived non-feeding larvae, called lecitotrophic, versus planktotrophic 
larvae) may influence how dispersal rates vary for organisms with different reproductive 
strategies (Johannesson, 1988). The risk of introduction may be affected by the fact that 
some species can delay their metamorphosis in the absence of suitable substrate for 
settlement, thus extending their planktonic larval phase from weeks to months (Thorson, 
1950). This may increase the risk of introduction as such larvae may survive extended 
periods by feeding in the water column. In addition, MOE is not always effective for 
certain species, including L. littorea and M. arenaria (Briski et al., 2012). For these two 
species in the current risk assessment, the overall risk was higher for discharges from 
domestic rather than international arrivals. Given that both are presently distributed in 
regions where the coastal exchange of ballast water of domestic vessels was performed, the 
management action (ballast water exchange) in this case is likely increasing the risk. 
Although ballast water exchange logically reduces the risk of introduction of new species, 
in some cases, the efficacy of ballast water exchange as a mitigation strategy is 
questionable, as pointed out by other authors (Carlton, 1985; Gollasch et al., 2000; Carlton, 
2001; Carver & Mallet, 2002). In contrast, the likelihood of P. camtschaticus arrival by 
domestic transits was null and was low for international transits. However, trans-Arctic 
exchange of species is expected in the future (Renaud et al., 2015) and environmental niche 
modelling suggests that most Canadian Arctic regions are suitable for this species 
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(Goldsmit et al. Chapter 2). Given this, the risk of introduction could be increased by 
marine transportation or from natural dispersion via currents or migration. There is 
evidence that some shallow water organisms have been able to extend their ranges from the 
Bering Sea to the Atlantic as a results of warmer Arctic conditions (Vermeij & Roopnarine, 
2008). 
In general, known consequences of a species in one location are good predictors of 
consequences in new introduced ranges and this information is commonly used in risk 
assessments (Bomford, 2008; Hayes & Barry, 2008). The most documented consequences 
include declines in native populations, altered nutrient cycling, food web alterations, and 
physical habitat changes. There is no certain way to precisely predict the impact that a 
given non-indigenous species will cause in a new environment unless it becomes 
established (Harley et al., 2013; David et al., 2015). The consequence of occurrence 
assessed in the present study included the combination of the known consequences of each 
species when it had established elsewhere and sensitivity of the receiving habitat. Impacts 
are inherent to the species, while habitat sensitivity is inherent to the port. The latter is 
essential to include in these types of assessment as it is reasoned that the severity of 
consequences will also be a function of receiving habitat characteristics. In the present 
study, most of the ports showed moderate to high potential consequence of occurrence. If 
impacts and habitat sensitivity remain constant, the overall risk will increase as the 
likelihood of introduction increases, varying with ballast water source and species assessed. 
This demonstrates the importance of preventing the introduction of new species and 
highlights the need for good management actions and preventive measures for ballast water 
management in this region.  
The ecological risk assessment protocol proposed in the present study allowed for 
assessment of ports through time and enabled comparison between species and shipping 
pathways. It must be noted that the assessment is relative, meaning that overall risk 
depends on the ports and species assessed. One component that is missing, and is normally 
included in the calculation of introduction likelihood (Mandrak et al., 2012), is spread from 
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the initial introduction location (species dispersion after establishment). Spread has an 
important influence on introduction likelihood, as has been shown in other risk assessments 
analyses (Therriault et al., 2008). Spread was not included in the present study since much 
of the required information, including high resolution data on oceanographic currents and 
ice-ocean modelling systems, is not available for nearshore coastal areas of the Arctic 
where ports are located. A limitation of this relative risk assessment is that assumptions 
were made on missing ballast information, although the best available information was 
used. A particular effort was made to gather detailed information on number of arrivals, 
ballast water sources, transit times, type of exchange performed and volume of ballast 
water discharged. A further limitation of this study is that other vectors directly related to 
shipping such as biofouling and ballast sediments were not assessed. Thus, the actual 
overall risk for a species may be underestimated if it is associated with hull fouling 
(Williams et al., 2013), hull refuges, including sea chests (Frey et al., 2014). Or it may be 
also underestimated when associated with ballast sediments, which have been shown to 
include viable resting stages of many species with the potential of being released during de-
ballasting in the receiving port due to resuspension (Villac et al., 2000; Casas-Monroy et 
al., 2011; Villac & Kaczmarska, 2011). Indeed, Chan et al. (2015) suggested that ports in 
the Canadian Arctic are at greater risk to invasion by hull fouling than they are to ballast-
mediated introductions. The whole history of these types of vectors is important to know 
(not only last port of call) and their importance will depend on the species being assessed 
and their life histories. The present relative risk assessment was undertaken using both 
quantitative and qualitative data. Even though the general perception may be that 
quantitative risk assessments are more robust than qualitative ones, it is important to 
highlight that the strength of any risk assessment is more dependent on the uncertainty 
associated with the data used in the analysis (Mandrak et al., 2012). Uncertainty in the 
present risk assessment was moderate due to missing information in certain components of 
the overall risk calculation, such as in the likelihood of introduction. Nevertheless, the data 
used was the most comprehensive available at the time, and, as explained by Gibbs and 
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Browman (2015), one of the most valuable outcomes of a risk assessment is to identify the 
knowledge gaps and the data required to quantify risk.  
Currently, many countries are developing blacklists (lists of non-native species with 
presumed invasive potential in the area of interest) (García-de-Lomas & Vilà, 2015). These 
lists are developed with the aim of preventing introductions of new harmful species and 
regulating the spread of species that are already present in a given region (Burgiel et al., 
2006). Recently, “grey” watch lists, which contain species of potential risk (Genovesi & 
Shine, 2011) have also been developed. The present ecological risk assessment can provide 
a starting point to build a grey watch list for the Canadian Arctic. This ecological risk 
assessment is the first study done for the Canadian Arctic at a species level. Although, only 
three species were assessed in this particular study, the proposed methodology may be used 
for any species of interest and provides an ideal tool for assessing the relative risk of 
potential new introductions in areas that have not yet been invaded. Such information can 
help guide prevention and management efforts in frontier regions where knowledge is 
lacking, such as the Canadian Arctic.  
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APPENDIX VI: BALLAST WATER DISCHARGE IN CANADIAN ARCTIC PORTS 
Complete information on ballast water discharged at each Canadian Arctic port considered 
for each species and pathway assessed. Volumes are given in metric tons (MT). Correction 
factor for ballast water exchange: No exchange= 1, Mid ocean exchange (MOE) for ships 
with a saline ballast water source= 0.1, MOE for ships with freshwater ballast water 
source= 0.01 
Species: Littorina littorea 
Pathway: Domestic vessels 




















29/09/2007 Chesterfield Sydney Sydney 0 No exchange 1 0 no 
07/10/2005 Churchill Sept Iles Sept Iles 11397 No exchange 1 11397 yes 
29/09/2014 Churchill Sept Iles Sept Iles 16764.7 MOE 0.1 1676.47 yes 
27/02/2005 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
15/06/2005 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
22/08/2005 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
01/10/2005 Deception Bay Montreal Montreal 10253 Coastal 1 10253 yes 
01/11/2005 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
30/12/2005 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
15/03/2006 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
18/06/2006 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
22/10/2006 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
27/11/2006 Deception Bay Montreal Montreal 10253 Coastal 1 10253 yes 
26/12/2006 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
04/02/2007 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
26/03/2007 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
27/08/2007 Deception Bay Mulgrave Mulgrave 0 Coastal 1 0 no 
13/09/2007 Deception Bay Lower Cove Lower Cove 0 No exchange 1 0 no 
23/09/2007 Deception Bay Lower Cove Lower Cove 0 No exchange 1 0 no 
11/11/2007 Deception Bay Saint John Saint John 3653 MOE 0.1 365.3 yes 
04/01/2008 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
07/03/2008 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
18/04/2008 Deception Bay Chicoutimi Chicoutimi 5712 Coastal 1 5712 yes 
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17/06/2008 Deception Bay Becancour Becancour 10253 Coastal 1 10253 yes 
22/07/2008 Deception Bay Montreal Montreal 10253 Coastal 1 10253 yes 
11/08/2008 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
28/08/2008 Deception Bay Belledune Belledune 5000 No exchange 1 5000 yes 
15/09/2008 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
11/10/2008 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
19/12/2008 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
15/06/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
22/06/2013 Deception Bay Montreal Montreal 3419.1 Coastal 1 3419.1 yes 
20/07/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
22/08/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
02/09/2013 Deception Bay Quebec Quebec 7257 Coastal 1 7257 yes 
02/10/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
14/10/2013 Deception Bay Summerside Summerside 5671 No exchange 1 5671 yes 
18/10/2013 Deception Bay Quebec Quebec 4774 Coastal 1 4774 yes 
03/11/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
05/12/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
11/01/2014 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
28/02/2014 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
22/07/2014 Deception Bay Contrecoeur Contrecoeur 7363 Coastal 1 7363 yes 
23/08/2014 Deception Bay Quebec Quebec 9072 Coastal 1 9072 yes 
18/09/2014 Deception Bay Quebec Quebec 8432 Coastal 1 8432 yes 
16/10/2014 Deception Bay Quebec Quebec 7350 Coastal 1 7350 yes 
21/08/2005 Kuujjuaraapik (Great Whale) Montreal Montreal 690 MOE 0.01 6.9 yes 
 
Species: Littorina littorea 
Pathway: International vessels 

























News 2779 MOE 0.1 277.9 yes 





News 6346 MOE 0.1 634.6 yes 
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18/09/2005 Churchill Baltimore Baltimore 10489 MOE 0.1 1048.9 yes 
21/09/2005 Churchill Ijmuiden Ijmuiden 17656 MOE 0.1 1765.6 yes 
28/09/2005 Churchill Savannah Savannah 958 MOE 0.1 95.8 yes 
06/10/2005 Churchill Baltimore Baltimore 5505 MOE 0.1 550.5 yes 
20/08/2006 Churchill Charleston Charleston 17114 MOE 0.1 1711.4 yes 
04/09/2006 Churchill Belfast Belfast 4764 MOE 0.1 476.4 yes 
04/09/2006 Churchill Foynes Belfast 6861 MOE 0.1 686.1 yes 
04/09/2006 Churchill Belfast Belfast 931 MOE 0.1 93.1 yes 
04/09/2006 Churchill Foynes Foynes 6852 MOE 0.1 685.2 yes 
13/09/2006 Churchill London London 11515 MOE 0.01 115.2 yes 
14/09/2006 Churchill Aughinish Aughinish 0 No exchange 0.1 0 no 
27/09/2006 Churchill Amsterdam Amsterdam 32901 MOE 0.1 3290.1 yes 
11/10/2006 Churchill Terneuzen Terneuzen 31358 MOE 0.1 3135.8 yes 
13/10/2006 Churchill Dublin Falmouth 10087 MOE 0.1 1008.7 yes 
15/10/2006 Churchill Dublin Dublin 10051 MOE 0.1 1005.1 yes 
18/10/2006 Churchill Gijon Gijon 0 MOE 0.1 0 no 
11/08/2007 Churchill Hamburg Hamburg 11397 MOE 0.1 1139.7 yes 
14/08/2007 Churchill Lorient Lorient 0 MOE 0.1 0 no 
22/08/2007 Churchill Klaipeda Klaipeda 13466 MOE 0.1 1346.6 yes 
27/08/2007 Churchill Ronnskar Ronnskar 10680 MOE 0.1 1068 yes 
27/08/2007 Churchill Ronnskar Skagen 11156 MOE 0.1 1115.6 yes 
04/09/2007 Churchill Antwerp Antwerp 2696 MOE 0.01 27 yes 
04/09/2007 Churchill Newport Antwerp 5615 MOE 0.01 56.2 yes 
04/09/2007 Churchill Antwerp Antwerp 1348 MOE 0.01 13.5 yes 
04/09/2007 Churchill Newport Newport 5615 MOE 0.01 56.2 yes 
25/09/2007 Churchill Sunndalsora Sunndalsora 14451 MOE 0.1 1445.1 yes 
02/10/2007 Churchill Bremen Bremen 10697 MOE 0.01 107 yes 
05/10/2007 Churchill Londonderry Londonderry 14226 MOE 0.1 1422.6 yes 
05/10/2007 Churchill Liverpool Londonderry 3228 MOE 0.1 322.8 yes 
11/10/2007 Churchill Dublin Dublin 6818 MOE 0.1 681.8 yes 
11/10/2007 Churchill Portbury Portbury 9629 MOE 0.1 962.9 yes 
11/10/2007 Churchill Dublin Portbury 6818 MOE 0.1 681.8 yes 
16/10/2007 Churchill Tyne 
Muuga-Port 
Of Tallinn 0 MOE 0.01 0 no 
08/11/2007 Churchill Hamburg Unknown 11397 MOE 0.1 1139.7 yes 
04/08/2008 Churchill Szczecin Szczecin 27426 MOE 0.1 2742.6 yes 
08/08/2008 Churchill Kaliningrad Kaliningrad 0 MOE 0.1 0 no 
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13/08/2008 Churchill Riga Copenhagen 11627 MOE 0.1 1162.7 yes 
13/08/2008 Churchill Riga Riga 11624 MOE 0.1 1162.4 yes 
21/08/2008 Churchill Gdynia Gdynia 7825 MOE 0.1 782.5 yes 
21/08/2008 Churchill Rotterdam Rotterdam 8398 MOE 0.01 84 yes 
31/08/2008 Churchill Aviles Aviles 7288 MOE 0.1 728.8 yes 
08/09/2008 Churchill Teesport Teesport 977 MOE 0.1 97.7 yes 
08/09/2008 Churchill Teesport Teesport 9188 MOE 0.1 918.8 yes 
14/09/2008 Churchill Amsterdam Amsterdam 11394 MOE 0.1 1139.4 yes 
19/09/2008 Churchill Ghent Ghent 10905 MOE 0.01 109.1 yes 
19/09/2008 Churchill Ghent Ghent 220 MOE 0.01 2.2 yes 
30/09/2008 Churchill Liepaja Liepaja 372 MOE 0.1 37.2 yes 
23/10/2008 Churchill Sunndalsora Sunndalsora 11636 MOE 0.1 1163.6 yes 
11/08/2009 Churchill Liepaja Liepaja 9208 MOE 0.1 920.8 yes 
25/08/2009 Churchill Brest Portland 5990 MOE 0.1 599 yes 
30/08/2009 Churchill La Coruña Portland 7188 MOE 0.1 718.8 yes 
12/09/2009 Churchill Ronnskar Ronnskar 5746 MOE 0.1 574.6 yes 
12/09/2009 Churchill Brunsbüttel Ronnskar 4338 MOE 0.1 433.8 yes 
05/10/2009 Churchill Lisbon Lisbon 2494 MOE 0.1 249.4 yes 
05/10/2009 Churchill Lisbon Lisbon 1058 MOE 0.1 105.8 yes 
05/10/2009 Churchill Leixoes Lisbon 3986 MOE 0.1 398.6 yes 
09/10/2009 Churchill Vlissingen Vlissingen 13634 MOE 0.1 1363.4 yes 
15/10/2009 Churchill Bilbao Rotterdam 5160 MOE 0.1 516 yes 
15/10/2009 Churchill Rotterdam Rotterdam 2780 MOE 0.01 27.8 yes 
03/08/2010 Churchill Hamburg Nuuk 0 MOE 0.1 0 no 
05/08/2010 Churchill Klaipeda Klaipeda 10570 MOE 0.1 1057 yes 
12/08/2010 Churchill Gijon Gijon 11105 MOE 0.1 1110.5 yes 
24/08/2010 Churchill Newport Falmouth 9548 MOE 0.01 95.5 yes 
24/08/2010 Churchill Falmouth Falmouth 880 MOE 0.1 88 yes 
26/08/2010 Churchill Ghent Ghent 10451 MOE 0.01 104.5 yes 
30/08/2010 Churchill Vlissingen Vlissingen 7500 MOE 0.1 750 yes 
07/09/2010 Churchill Lisbon Lisbon 4345 MOE 0.1 434.5 yes 
07/09/2010 Churchill Lisbon Lisbon 2021 MOE 0.1 202.1 yes 
24/09/2010 Churchill Huelva Gibraltar 18836 MOE 0.01 188.4 yes 
12/10/2010 Churchill Montoir Montoir 11110 MOE 0.1 1111 yes 
12/10/2010 Churchill Montoir Montoir 2426 MOE 0.1 242.6 yes 
14/08/2013 Churchill Sauda Sauda 27462 MOE 0.1 2746.2 yes 
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30/09/2013 Churchill Antwerp Antwerp 16333.4 MOE 0.01 163.3 yes 
18/10/2013 Churchill Ghent Ghent 13759.5 MOE 0.01 137.6 yes 
31/10/2013 Churchill Karmoy Karmoy 10285 MOE 0.1 1028.5 yes 
03/11/2013 Churchill Sauda Sauda 2731.6 MOE 0.1 273.2 yes 
04/08/2014 Churchill Lisbon Lisbon 15628.6 MOE 0.1 1562.9 yes 
09/08/2014 Churchill Dunkirk Dunkirk 14713.9 MOE 0.1 1471.4 yes 
31/08/2014 Churchill Tyne Tyne 14358.6 MOE 0.01 143.6 yes 
07/09/2014 Churchill Ghent Ghent 13277 MOE 0.01 132.8 yes 
19/09/2014 Churchill Rotterdam Rotterdam 13187.3 MOE 0.01 131.9 yes 
24/09/2014 Churchill Camden Camden 2931 MOE 0.01 29.3 yes 
23/10/2014 Churchill Brunsbüttel Brunsbüttel 8840 MOE 0.1 884 yes 
26/10/2014 Churchill Antwerp Antwerp 15557 MOE 0.01 155.6 yes 
01/10/2007 Deception Bay Antwerp Antwerp 0 No exchange 0.01 0 no 
12/11/2007 Deception Bay Aahrus Aahrus 14946 MOE 0.1 1494.6 yes 
01/10/2008 Deception Bay Rotterdam Eemshaven 0 No exchange 0.01 0 no 
01/10/2008 Deception Bay Antwerp Eemshaven 0 No exchange 0.01 0 no 
01/10/2008 Deception Bay Eemshaven Eemshaven 0 No exchange 0.1 0 no 
24/07/2009 Deception Bay Rotterdam Eemshaven 54 MOE 0.01 0.5 yes 
16/10/2009 Deception Bay 
Rotterdam / 
Dunkirk Eemshaven 0 MOE 0.01 0 no 
09/09/2010 Deception Bay Eemshaven Eemshaven 0 MOE 0.1 0 no 
17/09/2011 Deception Bay Liverpool Eemshaven 234 MOE 0.1 23.4 yes 
21/10/2013 Deception Bay Philadelphia Philadelphia 4513 MOE 0.01 45.1 yes 
09/12/2007 Iqaluit 
Las Palmas / 
Shelburne Sisimiut 0 No exchange 0.1 0 no 
17/09/2009 Iqaluit Falmouth Qaqortoq 0 MOE 0.1 0 no 
21/08/2010 Iqaluit Skagen Ventspils 0 MOE 0.1 0 no 
20/07/2009 Pangnirtung Everett Everett 0 No exchange 0.1 0 no 
22/08/2010 Pond Inlet Hamburg Uummannaq 0 No exchange 0.1 0 no 
06/01/2009 Rankin Inlet Antwerp Rafnes 0 MOE 0.01 0 no 











Species: Mya arenaria 
Pathway: Domestic vessels 




















29/09/2007 Chesterfield Sydney Sydney 0 No exchange 1 0 no 
07/10/2005 Churchill Sept Iles Sept Iles 11397 No exchange 1 11397 yes 
18/08/2007 Churchill Port Alfred Port Alfred 16074 MOE 0.01 160.7 yes 
29/09/2014 Churchill Sept Iles Sept Iles 16764.7 MOE 0.1 1676.5 yes 
27/02/2005 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
15/06/2005 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
22/08/2005 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
01/10/2005 Deception Bay Montreal Montreal 10253 Coastal 1 10253 yes 
01/11/2005 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
30/12/2005 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
15/03/2006 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
18/06/2006 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
22/10/2006 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
27/11/2006 Deception Bay Montreal Montreal 10253 Coastal 1 10253 yes 
26/12/2006 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
04/02/2007 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
26/03/2007 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
27/08/2007 Deception Bay Mulgrave Mulgrave 0 Coastal 1 0 no 
13/09/2007 Deception Bay Lower Cove Lower Cove 0 No exchange 1 0 no 
23/09/2007 Deception Bay Lower Cove Lower Cove 0 No exchange 1 0 no 
11/11/2007 Deception Bay Saint John Saint John 3653 MOE 0.1 365.3 yes 
04/01/2008 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
07/03/2008 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
18/04/2008 Deception Bay Chicoutimi Chicoutimi 5712 Coastal 1 5712 yes 
17/06/2008 Deception Bay Becancour Becancour 10253 Coastal 1 10253 yes 
22/07/2008 Deception Bay Montreal Montreal 10253 Coastal 1 10253 yes 
11/08/2008 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
28/08/2008 Deception Bay Belledune Belledune 5000 No exchange 1 5000 yes 
15/09/2008 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
11/10/2008 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
19/12/2008 Deception Bay Chicoutimi Chicoutimi 10253 Coastal 1 10253 yes 
15/06/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
22/06/2013 Deception Bay Montreal Montreal 3419.1 Coastal 1 3419.1 yes 
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20/07/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
22/08/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
02/09/2013 Deception Bay Quebec Quebec 7257 Coastal 1 7257 yes 
02/10/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
14/10/2013 Deception Bay Summerside Summerside 5671 No exchange 1 5671 yes 
18/10/2013 Deception Bay Quebec Quebec 4774 Coastal 1 4774 yes 
03/11/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
05/12/2013 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
11/01/2014 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
28/02/2014 Deception Bay Quebec Quebec 10253 Coastal 1 10253 yes 
22/07/2014 Deception Bay Contrecoeur Contrecoeur 7363 Coastal 1 7363 yes 
23/08/2014 Deception Bay Quebec Quebec 9072 Coastal 1 9072 yes 
18/09/2014 Deception Bay Quebec Quebec 8432 Coastal 1 8432 yes 
16/10/2014 Deception Bay Quebec Quebec 7350 Coastal 1 7350 yes 
21/08/2005 Kuujjuaraapik (Great Whale) Montreal Montreal 690 MOE 0.01 6.9 yes 
 
Species: Mya arenaria 
Pathway: International vessels 

























News 2779 MOE 0.1 277.9 yes 










Everglades 9309 MOE 0.1 930.9 yes 
18/09/2005 Churchill Baltimore Baltimore 10489 MOE 0.1 1048.9 yes 
21/09/2005 Churchill Ijmuiden Ijmuiden 17656 MOE 0.1 1765.6 yes 
28/09/2005 Churchill Savannah Savannah 958 MOE 0.1 95.8 yes 
28/09/2005 Churchill Tampa Tampa 4236 MOE 0.01 42.4 yes 
06/10/2005 Churchill Baltimore Baltimore 5505 MOE 0.1 550.5 yes 
20/08/2006 Churchill Charleston Charleston 17114 MOE 0.1 1711.4 yes 
04/09/2006 Churchill Belfast Belfast 4764 MOE 0.1 476.4 yes 
04/09/2006 Churchill Foynes Belfast 6861 MOE 0.1 686.1 yes 
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04/09/2006 Churchill Belfast Belfast 931 MOE 0.1 93.1 yes 
04/09/2006 Churchill Foynes Foynes 6852 MOE 0.1 685.2 yes 
13/09/2006 Churchill London London 11515 MOE 0.01 115.2 yes 
14/09/2006 Churchill Aughinish Aughinish 0 
No 
exchange 0.1 0 no 
27/09/2006 Churchill Amsterdam Amsterdam 32901 MOE 0.1 3290.1 yes 
11/10/2006 Churchill Terneuzen Terneuzen 31358 MOE 0.1 3135.8 yes 
13/10/2006 Churchill Dublin Falmouth 10087 MOE 0.1 1008.7 yes 
15/10/2006 Churchill Dublin Dublin 10051 MOE 0.1 1005.1 yes 
11/08/2007 Churchill Hamburg Hamburg 11397 MOE 0.1 1139.7 yes 
22/08/2007 Churchill Klaipeda Klaipeda 13466 MOE 0.1 1346.6 yes 
27/08/2007 Churchill Ronnskar Ronnskar 10680 MOE 0.1 1068 yes 
27/08/2007 Churchill Ronnskar Skagen 11156 MOE 0.1 1115.6 yes 
04/09/2007 Churchill Antwerp Antwerp 2696 MOE 0.01 27 yes 
04/09/2007 Churchill Newport Antwerp 5615 MOE 0.01 56.2 yes 
04/09/2007 Churchill Antwerp Antwerp 1348 MOE 0.01 13.5 yes 
04/09/2007 Churchill Newport Newport 5615 MOE 0.01 56.2 yes 
25/09/2007 Churchill Sunndalsora Sunndalsora 14451 MOE 0.1 1445.1 yes 
02/10/2007 Churchill Bremen Bremen 10697 MOE 0.01 107 yes 
05/10/2007 Churchill Londonderry Londonderry 14226 MOE 0.1 1422.6 yes 
05/10/2007 Churchill Liverpool Londonderry 3228 MOE 0.1 322.8 yes 
11/10/2007 Churchill Dublin Dublin 6818 MOE 0.1 681.8 yes 
11/10/2007 Churchill Portbury Portbury 9629 MOE 0.1 962.9 yes 
11/10/2007 Churchill Dublin Portbury 6818 MOE 0.1 681.8 yes 
16/10/2007 Churchill Tyne 
Muuga-Port 
Of Tallinn 0 MOE 0.01 0 no 
08/11/2007 Churchill Hamburg Unknown 11397 MOE 0.1 1139.7 yes 
04/08/2008 Churchill Szczecin Szczecin 27426 MOE 0.1 2742.6 yes 
08/08/2008 Churchill Kaliningrad Kaliningrad 0 MOE 0.1 0 no 
13/08/2008 Churchill Riga Copenhagen 11627 MOE 0.1 1162.7 yes 
13/08/2008 Churchill Riga Riga 11624 MOE 0.1 1162.4 yes 
21/08/2008 Churchill Gdynia Gdynia 7825 MOE 0.1 782.5 yes 
21/08/2008 Churchill Rotterdam Rotterdam 8398 MOE 0.01 84 yes 
08/09/2008 Churchill Teesport Teesport 977 MOE 0.1 97.7 yes 
08/09/2008 Churchill Teesport Teesport 9188 MOE 0.1 918.8 yes 
14/09/2008 Churchill Amsterdam Amsterdam 11394 MOE 0.1 1139.4 yes 
19/09/2008 Churchill Ghent Ghent 10905 MOE 0.01 109.1 yes 
19/09/2008 Churchill Ghent Ghent 220 MOE 0.01 2.2 yes 
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22/09/2008 Churchill Straumsvik Straumsvik 11866 MOE 0.1 1186.6 yes 
30/09/2008 Churchill Liepaja Liepaja 372 MOE 0.1 37.2 yes 
04/10/2008 Churchill Ravenna Ravenna 11571 MOE 0.1 1157.1 yes 
13/10/2008 Churchill 
Porto 
Marghera Gibraltar 8561 MOE 0.1 856.1 yes 
23/10/2008 Churchill Sunndalsora Sunndalsora 11636 MOE 0.1 1163.6 yes 
11/08/2009 Churchill Liepaja Liepaja 9208 MOE 0.1 920.8 yes 
25/08/2009 Churchill Brest Portland 5990 MOE 0.1 599 yes 
30/08/2009 Churchill Straumsvik Straumsvik 10239 MOE 0.1 1023.9 yes 
30/08/2009 Churchill Straumsvik Straumsvik 1888 MOE 0.1 188.8 yes 
12/09/2009 Churchill Ronnskar Ronnskar 5746 MOE 0.1 574.6 yes 
12/09/2009 Churchill Brunsbüttel Ronnskar 4338 MOE 0.1 433.8 yes 
09/10/2009 Churchill Vlissingen Vlissingen 13634 MOE 0.1 1363.4 yes 
15/10/2009 Churchill Rotterdam Rotterdam 2780 MOE 0.01 27.8 yes 
27/07/2010 Churchill Bari Gibraltar 6532 MOE 0.1 653.2 yes 
03/08/2010 Churchill Hamburg Nuuk 0 MOE 0.1 0 no 
05/08/2010 Churchill Klaipeda Klaipeda 10570 MOE 0.1 1057 yes 
17/08/2010 Churchill Straumsvik Straumsvik 14844 MOE 0.1 1484.4 yes 
17/08/2010 Churchill 
Reydarfjordu
r Straumsvik 10858 MOE 0.1 1085.8 yes 
24/08/2010 Churchill Newport Falmouth 9548 MOE 0.01 95.5 yes 
24/08/2010 Churchill Falmouth Falmouth 880 MOE 0.1 88 yes 
26/08/2010 Churchill Ghent Ghent 10451 MOE 0.01 104.5 yes 
30/08/2010 Churchill Vlissingen Vlissingen 7500 MOE 0.1 750 yes 





r 16071.6 MOE 0.1 1607.2 yes 
27/09/2013 Churchill Straumsvik Straumsvik 10708 MOE 0.1 1070.8 yes 





r 13092 MOE 0.1 1309.2 yes 
18/10/2013 Churchill Ghent Ghent 13759.5 MOE 0.01 137.6 yes 
31/10/2013 Churchill Karmoy Karmoy 10285 MOE 0.1 1028.5 yes 
03/11/2013 Churchill Sauda Sauda 2731.6 MOE 0.1 273.2 yes 
09/08/2014 Churchill Dunkirk Dunkirk 14713.9 MOE 0.1 1471.4 yes 
31/08/2014 Churchill Tyne Tyne 14358.6 MOE 0.01 143.6 yes 
07/09/2014 Churchill Ghent Ghent 13277 MOE 0.01 132.8 yes 
19/09/2014 Churchill Rotterdam Rotterdam 13187.3 MOE 0.01 131.9 yes 
24/09/2014 Churchill Camden Camden 2931 MOE 0.01 29.3 yes 
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25/09/2014 Churchill Straumsvik Straumsvik 13482 MOE 0.1 1348.2 yes 
23/10/2014 Churchill Brunsbüttel Brunsbüttel 8840 MOE 0.1 884 yes 
26/10/2014 Churchill Antwerp Antwerp 15557 MOE 0.01 155.6 yes 
14/08/2010 Clyde River Reykjavik Sisimiut 0 
No 
exchange 0.1 0 no 
01/10/2007 Deception Bay Antwerp Antwerp 0 
No 
exchange 0.01 0 no 
12/11/2007 Deception Bay Aahrus Aahrus 14946 MOE 0.1 1494.6 yes 
01/10/2008 Deception Bay Rotterdam Eemshaven 0 
No 
exchange 0.01 0 no 
01/10/2008 Deception Bay Antwerp Eemshaven 0 
No 
exchange 0.01 0 no 
01/10/2008 Deception Bay Eemshaven Eemshaven 0 
No 
exchange 0.1 0 no 
24/07/2009 Deception Bay Rotterdam Eemshaven 54 MOE 0.01 0.5 yes 
16/10/2009 Deception Bay 
Rotterdam / 
Dunkirk Eemshaven 0 MOE 0.01 0 no 
09/09/2010 Deception Bay Eemshaven Eemshaven 0 MOE 0.1 0 no 
17/09/2011 Deception Bay Liverpool Eemshaven 234 MOE 0.1 23.4 yes 
21/10/2013 Deception Bay Philadelphia Philadelphia 4513 MOE 0.01 45.1 yes 
09/12/2007 Iqaluit 
Las Palmas / 
Shelburne Sisimiut 0 
No 
exchange 0.1 0 no 
11/08/2008 Iqaluit Reykjavik Reykjavik 0 
No 
exchange 0.1 0 no 
10/09/2008 Iqaluit Reykjavik Reykjavik 0 
No 
exchange 0.1 0 no 
17/09/2009 Iqaluit Falmouth Qaqortoq 0 MOE 0.1 0 no 
21/08/2010 Iqaluit Skagen Ventspils 0 MOE 0.1 0 no 
17/09/2010 Iqaluit Husavik Narsaq 0 MOE 0.1 0 no 
20/07/2009 Pangnirtung Everett Everett 0 
No 
exchange 0.1 0 no 
22/08/2010 Pond Inlet Hamburg Uummannaq 0 
No 
exchange 0.1 0 no 
06/01/2009 Rankin Inlet Antwerp Rafnes 0 MOE 0.01 0 no 
24/08/2008 Resolute Bay (Quassuittuq) Copenhagen Copenhagen 0 
No 
exchange 0.1 0 no 
19/08/2008 Tuktoyaktuk Ulsan Ulsan 0 MOE 0.1 0 no 
20/08/2008 Tuktoyaktuk Hakodate Hakodate 0 
No 
exchange 0.1 0 no 
24/09/2008 Tuktoyaktuk Dutch Harbor Dutch Harbor 0 
No 
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Species: Paralithodes camtschaticus 
Pathway: International vessels 




















24/09/2008 Tuktoyaktuk Dutch Harbor Dutch Harbor 0 
No 
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CONCLUSION GÉNÉRALE 
The general objectives of the thesis were to characterize native and non-native 
benthic invertebrates in coastal regions of the Canadian Arctic and to evaluate the overall 
risk for future aquatic invasive species incursions with changes related to global warming 
and shipping activity. In the objectives section the wheel of time was presented, together 
with the questions that would be addressed within this thesis. Figure 21 shows the findings 
associated with those questions in each chapter. 
 
 
Figure 21: Conceptual model of thesis structure as a “wheel of time”. It can be seen for each 
chapter which are the answers to the main questions that the thesis provided. 
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The general contributions of the ensemble of the thesis are described below, 
including the elaboration on specific findings provided by each chapter, together with a 
global view of the whole study.  
STUDY CONTRIBUTIONS 
Seven taxa were found to be cryptogenic in the Canadian Arctic 
The surveys to establish baseline native species and NIS (Chapter 1) uncovered for 
the very first time in the Canadian Arctic five polychaetes species (Aricidea cf. hartmani, 
Dipolydora socialis, Lumbrineris cf. zatsepini, Owenia borealis, Paraonides nordica), one 
crustacean (Onisimus sextoni group) and one ascidian (Heterostigma sp.) (Section a in 
Figure 21). These new mentions were categorized as cryptogenic species (taxa that could be 
either native or non-native) (Carlton, 1996b). There is not enough evidence to consider 
these species as ship-mediated introductions. Nevertheless, it has to be remembered that the 
region might be much richer than observed in the survey, due to limitations of sampling 
effort. Species accumulation curves showed that the expected number of species exceeds 
the total number of observed species by 32%, meaning that more species remain to be 
identified. Still, the risk and the potential for receiving NIS in the region exist (as shown in 
Chapters 2 and 3). Furthermore, the discovery of living and viable non-indigenous 
barnacles on the hull of ships arriving to Canadian Arctic ports confirms a real potential for 
NIS arrival (Chan et al., 2015). Continued sampling and monitoring in the region could 
contribute to the early detection of new introductions. The use of new molecular tools such 
as metabarcoding could help in such endeavors. Recently, genetic sequences of species that 
were not reported before in Canadian Arctic ports were found during CAISN research on 
water column samples (Brown et al. unpublished). This could indicate that these species are 
arriving in Canadian Arctic ports, but there may still be missing information on the 
establishment of populations and not enough effort to find individuals when sampling.     
It is of the utmost importance that the information found in research is made available 
so others can use it and keep building knowledge from there. That is why the description of 
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the cryptogenic species identified in Chapter 1 has been made available not only in the 
scientific literature, but also on the web. The list of cryptogenic species is publicly 
available in an information system on aquatic non-indigenous and cryptogenic species on 
the AquaNIS website (http://www.corpi.ku.lt/databases/index.php/aquanis/). This site stores 
and disseminates information on NIS introduction histories, recipient regions, taxonomy, 
biological traits, impacts, and other relevant documented data. It mainly contains data from 
European regions, and thanks to the results of this thesis, coverage has now been extended 
to the Canadian Arctic. Indeed, the cryptogenic species identified in Chapter 1 are the sole 
Canadian contributions to this database. Contributions like these are essential to start 
including data and information of the Canadian Arctic at a wider scale. This is non-trivial, 
since when searching literature on biodiversity and NIS it is remarkable that although there 
are many articles dealing with the Arctic in general, the Canadian Arctic is largely 
underrepresented. For instance the recent publications of Wassmann (2015) and Renaud et 
al. (2015) reference the entire Arctic Ocean, but the Canadian Arctic region is not well 
represented in the content. Contributions like the ones made in this thesis can help in 
highlighting the information available for the Canadian Arctic, both increasing the visibility 
of the region and pointing out the existing gaps in knowledge. Since from a policy 
perspective country borders are the accepted criterion for defining the origin of new species 
(Boonman-Berson & Turnhout, 2013), it is essential to identify the species that could be of 
concern for the Canadian territory. 
Baseline study that contributed to increase the knowledge in native biodiversity of 
benthic invertebrates in the Canadian Arctic coasts 
The distribution of benthic taxa along the Arctic coastline is poorly known, as is the 
extent of NIS incursions in the area. This lack of information may be explained by 
difficulties in surveying these regions. It is logistically complex and challenging to work in 
remote regions, particularly in benthic coastal areas of the Arctic.  This has resulted in a 
low survey effort throughout the Arctic. Increasing survey effort for non-indigenous 
species gives the opportunity to improve our knowledge on the native biota as well. This 
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thesis has made efforts to comprehensively sample benthic organisms in tidal and subtidal 
coastal Arctic habitats in order to improve baseline information, and provide a benchmark 
to allow the future tracking of potential changes in communities over time.  
As a result of the findings in Chapter 1, there is now more available information on 
the biodiversity in coastal regions of the Canadian Arctic. A total of 236 species and genus 
were identified. More than three quarters of these species were known for the regions 
surveyed. However, between 7 to 15% of the species identified in Chapter 1 were described 
for the first time in new regions of the Canadian Arctic. Moreover, this baseline study 
contributed to the description of a new species of polychaete from the Family Cirratulidae: 
Chaetozone careyi (Blake, 2015) (Section a in Figure 21). This species was found on the 
coast of Deception Bay, and other individuals were found in Alaska and the Beaufort Sea 
by other researchers (Blake, 2015).  
Another important contribution from Chapter 1 was the construction of a historical 
database containing information on benthic invertebrates described for the Canadian Arctic 
since 1932. This historical database is a compilation of the information on the presence, 
Arctic distribution and, when available, environmental information associated with species 
distributions. A total of 26 references with historical biodiversity information were 
assembled in one database. Having all this information compiled in one database will 
facilitate future international cooperation with other research groups, like the International 
Council for the Exploration of the Sea (ICES), to assemble a more extensive database that 
includes other taxonomic groups (e.g., phytoplankton and zooplankton). This is a major 
contribution at the international level that supports the collection of historical biodiversity 
information at a circumpolar scale. 
Every species has its native range, making the invasion process a biogeographical 
process rather than taxonomic (Colautti & MacIsaac, 2004). This highlights the need to 
make reference to individual populations rather than entire species when talking about NIS. 
It is in this context that another significant contribution of this thesis is embedded: while 
constructing a baseline of native and non-native species in the Canadian Arctic, it was 
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possible to find species that are native for the region studied, but that have been identified 
as NIS or cryptogenic somewhere else (Chapter 1). This makes the Canadian Arctic a 
potential source of NIS. This finding is in contrast to other studies that consider that the 
Canadian Arctic is unlikely to act as a source of NIS because the volume of ballast water 
leaving the region and dumped elsewhere is very low compared to other Canadian regions 
(Casas-Monroy et al., 2014). Nevertheless, a ballast water vector with a low risk of species 
transport still represents a risk for invasion (Barry et al., 2008). It thus cannot be taken for 
granted that the possibility of the Canadian Arctic acting as a source of NIS is non-existent. 
This is especially true for native Arctic species that are already known to be NIS or 
cryptogenic in ports that are connected to Canadian Arctic ports via shipping traffic (e.g., 
Atlantic coast of North America). 
Lack of reliable data about the spatiotemporal occurrence of species has limited the 
ability of researchers to objectively assess the original distribution of species (Colautti & 
MacIsaac, 2004; Boonman-Berson & Turnhout, 2013). In addition, recognition of NIS 
requires knowledge of both taxonomic and biogeographic status of species, which is often 
unavailable (Ruiz et al., 2015). Data from Chapter 1 provides information for future studies 
on biogeographic status of native species of the region. It also provides a benchmark for 
future monitoring and supports the development of methods for rapid detection of new 
species in the area, and provides information that could be used in future decision making.  
The Canadian Arctic is already suitable for potential species introductions, ports in 
the Hudson Complex having the highest relative risk 
A noteworthy contribution of this thesis is that the models of species distribution 
showed that under current environmental conditions the Canadian Arctic is already suitable 
for some AIS (Chapter 2, Section b in Figure 21). This reveals that the region is at risk 
since these species are present in ports that are connected to the Canadian Arctic via 
shipping (domestic and/or international) (Chapter 3, Section c in Figure 21). The potential 
range modelled for AIS through the environmental suitability models mean that the 
Canadian Arctic is already likely to provide the environmental conditions necessary for the 
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survival and establishment of potential AIS. The species for which the habitat is suitable in 
the present (Littorina littorea, Mya arenaria and Paralithodes camtschaticus) are from the 
two major taxonomic groups known among documented NIS in North America: molluscs 
and crustaceans (Ruiz et al., 2015). Once established, it is difficult to manage the spread of 
non-indigenous species. Studies like these ones are fundamental as an early warning signal 
and to identify the potential habitats and likely AIS (Chapters 2 and 3). In this way, 
vulnerable habitats can be identified prior to the establishment of potential invasive species, 
which can help focus the monitoring effort in these vulnerable habitats, as explained in 
Reiss et al. (2014).  
Knowing that potential AIS are likely to survive and establish in the Arctic (Chapter 
2), the next step was to enlarge the scope of the study using a combination of the relative 
likelihood of arrival on a vessel basis and the potential consequences of occurrence for each 
species (Chapter 3) in an attempt to assess ecological risk at the species specific level. This 
assessment showed that ports in the Canadian Arctic have a high likelihood of having 
already been exposed to the arrival of propagules of AIS that are established in connected 
ports. This situation is a major concern, given that the species assessed that have a history 
of invasion and impact elsewhere and that the regions where these propagules are arriving 
have moderate to high habitat sensitivity. Different criteria can be used for impact 
assessment, which makes the task difficult for the scientific community in measuring and 
evaluating impact (Boonman-Berson & Turnhout, 2013). The present study used known 
impact of species invasions in other environments to evaluate the consequence of 
occurrence in the Arctic. This study found that the main ports of Churchill and Deception 
Bay (Hudson Complex) have a higher relative risk of invasion compared to the other ports 
in the region for the likelihood of arrival, survival and establishment, and for the habitat 
sensitivity (Chapters 2 and 3, Section b in Figure 21). This is due to the fact that this region 
receives a higher proportion of vessels coming from locations where the species of concern 
are present, combined with the type of exchange performed, and because it is known that 
these ports have a higher environmental similarity with a large number of source ports 
(Chan et al., 2012). 
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Knowing that the habitat is suitable for certain species, and that there are propagules 
that might be arriving in the region but have not yet been found in the environment brings 
the question of the possible mechanisms that could be contributing in the process:  
 certain ecological barriers (reproductive, environmental and/or geographical) to 
species invasion  may act as true barriers (Lockwood et al., 2007), 
 residents species could affect the survival of introduced species through 
interspecific interactions (Herborg et al., 2007), 
 more release events could be needed to increase the propagule number and, 
consequently, the likelihood of establishment (Locke et al., 2007), 
 transport may be successful, but the species might still lack the combination of 
adequate conditions for successful establishment. This has been called the 
“appearance of failure” hypothesis (Carlton, 1996a), and  
 the species may not arrive in good conditions after transportation and/or the 
mortality in transit may be too high, resulting in an insufficient number of 
propagules for the resistance against inevitable stochastic shocks (Locke et al., 
2007).  
Nevertheless, the findings of likelihood of introduction and consequence of 
occurrence provided by Chapters 2 and 3 present a comprehensive way to map potential 
habitat suitability and assess overall risk for NIS in the Canadian Arctic, and could help in 
developing an early warning system before invasions take place. 
Domestic shipping can pose a higher relative risk than international shipping 
Temporal and spatial differences were found when analyzing vessel-specific arrivals 
and their volumes of ballast water discharged (Chapter 3). In the last 10 years, Deception 
Bay was the port being exposed to a higher overall risk based on vessel specific annual 
averages when compared to Churchill and the other ports in the Canadian Arctic. This 
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study highlights the importance of identifying and assessing the relative risks of the 
different pathways, which contribute to the identification of potential introductions.  
Another important contribution of this thesis is that contrary to what is normally 
believed; the average likelihood per vessel arrival of domestic vessels to Canadian Arctic 
ports had a higher relative risk when compared to international vessels (Chapter 3, Section 
c in Figure 21). The most important result is that domestic ports would be contributing to a 
greater propagule pressure on a vessel basis. This can be explained given that most of the 
domestic vessels discharging ballast water in Canadian Arctic ports have previously 
exchanged ballast water in coastal areas. This highlights the importance of considering type 
of exchange when doing risk assessment and doing it at a species level. Risk will increase 
for these vessels when the species being assessed are potential AIS previously established 
in the coastal regions where the vessels complete their coastal exchange. In this sense, the 
results of this thesis highlight the fact that risk is expected to vary among ports as a 
function of the source, volume of ballast water discharge and treatment applied. 
The amount of potential AIS and their suitable habitat will increase in the future in a 
global warming scenario 
The results of this thesis not only demonstrate that the region of study has habitat that 
is suitable for potential AIS under current environmental conditions, but also that this 
suitability will continue to increase by mid-century in a global warming scenario (Chapter 
2). The number of potential species for which the habitat would be appropriate for survival 
and establishment will also increase (Section b in Figure 21). The species distribution 
model showed that the habitat was appropriate not only for the three species with habitat 
suitability in the present (L. littorea, M. arenaria and P. camtshcaticus), but also for all the 
other species included in the modelling in the future: Caprella mutica, Carcinus maenas, 
Amphibalanus improvisus, Membranipora membranacea and Botrylloides violaceus. 
Predicting future changes is always associated with an inevitable degree of uncertainty 
(Wenger et al., 2013). This is why these results should be interpreted as indications of 
possible future changes. Regardless of this level of uncertainty, species distribution models 
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are known for being a useful tool to forecast the possible effects of climate change on 
benthic species distribution patterns and to support ecosystem management (Reiss et al., 
2014).  
It is known that climatic change can, among other effects, lead to changes in the 
patterns of species’ distribution and in biodiversity (Harley et al., 2006). This brings a 
potential problem since biodiversity and ecosystem structure in the Arctic ecoregions are 
likely to be particularly sensitive to species shifts (Cheung et al., 2011). The findings of 
this study provide valuable information that could help managers to evaluate where and 
how to monitor species of concern and vulnerable habitats. In addition, the results of 
Chapter 2 on projected habitat suitability in the present and under future conditions are 
unique, since the Canadian Arctic region has not been widely assessed for risks imposed by 
specific AIS. 
Framework for NIS study in remote areas 
One of the main contributions of the thesis as a whole is that the ensemble of the 
chapters can be considered as a framework to assess the state of NIS in remote regions 
where not enough information is available and where the potential to receive newly 
introduced species exists (Figure 22). As seen through the entire thesis, several 
characteristics of the Canadian Arctic contribute to the risk of new introductions:  
 shipping can already act as a vector with the current level of activities in the region 
(domestic and international arrivals) (Chan et al., 2012),  
 ballast water is being discharged and fouled ships are arriving in the region (Chan et 
al., 2012; Chan et al., 2015),  
 an increase in shipping is expected due to the increase in resource development 
projects (Gavrilchuk & Lesage, 2014), and  
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 global warming will likely increase shipping activity in the near future, therefore 
increasing the risk of introductions (Smith & Stephenson, 2013; Miller & Ruiz, 
2014). 
 
Figure 22: Framework for NIS studies in remote areas proposed from the present thesis. 
In the context of the previously presented risk of new introductions’ characteristics in 
the region, in addition with the general lack of information on the coastal biodiversity and 
on NIS, the steps for the implementation of the proposed framework are: 
1. Baseline: the starting point is to do a baseline study (Chapter 1). This will help in 
setting the status of the region of interest in relation to NIS and find out whether 
there are NIS already established or not. This will also constitute a reference for 
comparisons in future studies. If any newly introduced species are found in the 
survey, the following steps of the framework can be done using these species. 
Otherwise, as shown in Chapter 2 and 3, species with the potential of arrival and 
known to be AIS in other regions can also be used.  
2. Distribution: this step makes reference to two different approaches that should 
follow each other. The first is checking the known distributions and biogeography 
for all the species found during the baseline study (Chapter 1). This should be 
followed by modelling of the distribution for species of interest (either those 
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identified in the survey or by choosing potential AIS, as outlined in Chapter 2), 
which can be interpreted as the likelihood of survival and establishment. 
3. Arrival: this step comprises gathering information on the number of arrivals, 
sources of ballast water and last port of call, ballast water treatment, volume of 
ballast water discharged and transit time in order to estimate de likelihood of arrival 
(Chapter 3).  
4. Consequences: collect information on known impacts of the species in other 
environments and the habitat sensitivity of the region studied to make an estimation 
of the potential consequences of occurrence of AIS (Chapter 3).  
5. Assessment: All elements mentioned above are then used to conduct an assessment 
to estimate overall risk considering the likelihood of introduction and the 
consequence of occurrence for the species and the region studied (Chapter 3). 
6. Recommendation: Overall risk can provide the information needed for 
scientifically-based recommendations. Depending on the results obtained, the 
recommendation can vary from monitoring the region, to continued control of new 
introductions, or even recommendation of mitigation measures if necessary.  
Given the evidence shown in the three Chapters of this thesis, with the application of 
the proposed framework for the Canadian Arctic, one of the recommendations that could be 
implemented is the maintenance of the surveying and monitoring programs for the 
detection of newly introduced species (with various techniques). This could in turn serve as 
a new baseline for future studies and risk assessments. It would also allow for continues 
evaluation and assessment of the region but a more complete baseline with a greater 




The results of this thesis highlight the importance of the knowledge on diversity (for 
both native and NIS) while assessing the risks of potential introductions. Nevertheless, 
there are many aspects that remain to be studied and should be considered for future 
research. 
 Most of the work done in the present thesis, especially in the ecological risk 
assessment, considered mainly ballast water as a vector for the introduction of new species. 
However, another important vector is hull fouling. Hull fouling and ballast water are the 
dominant vectors for shipping related invasions in North American waters (Ruiz et al., 
2015). Contrary to ballast water, hull fouling is not being managed as a vector. Some 
management actions have been done with regards to hull fouling, but only to reduce drag 
and the associated increases in fuel consumption and travel time (Schultz et al., 2011). Few 
studies have quantified the risk of introduction by hull fouling (Gollasch, 2002; Coutts & 
Taylor, 2004; Drake & Lodge, 2007; Chan et al., 2015). In remote regions such as the 
Canadian Arctic, the studies of NIS and hull fouling are fewer still. The work of Chan et al. 
(2015) is an example of one of these studies. They found that the likelihood of a high risk 
introduction event is greater in hull fouling than in ballast water. Further studies on the 
probability of introduction with hull fouling as a vector should be a focus of future 
research.  
 An aspect planned for this thesis that was not achieved due to logistical constraints, 
was to study the settlement of species in the main ports of the Canadian Arctic using 
recruitment plates. Benthic invertebrates with larval development can be better understood 
when using recruitment plates, especially knowing that an established benthic population of 
species that can be transported by ballast water in their larval stage will rely on the 
colonization by larvae. Moreover, recruitment is a major factor determining the 
establishment, diversity and persistence of benthic species (Gaines & Bertness, 1992). 
However, a limited number of studies that evaluated recruitment in high latitude regions 
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(Schoener et al., 1978; Pearse & Pearse, 1991; Barnes & Kukliński, 2005; Bowden, 2005) 
reported a slow colonization rate and the presence of colonists about an order of magnitude 
lower than described in most studies elsewhere in the world (Barnes & Kukliński, 2005). 
Further research on this would improve our knowledge on the establishment of NIS in high 
latitude regions given that recruitment and colonization information is essential to 
understand early community development.  
While this thesis is one of a few studies predicting species distribution in Polar 
Regions, future research to complete and extend this work should include: the use of 
environmental variables at higher resolution, the use of other environmental variables that 
could not be included (e.g., type of sediment), an increase in the amount of species 
modelled, etc. Even though most of these factors are part of the limitations of the 
methodology, in the future it might be possible to have improved resolution of the 
variables. A particular focus should be paid to the inclusion of biotic factors in modelling 
exercises in future research. Increased research effort on fundamental ecology is required to 
consider the inclusion of biological factors for species distribution modelling considering 
that it is necessary to have a priori knowledge of species interactions and assume that they 
are constant in space and time (Wisz et al., 2013; Reiss et al., 2014). Nevertheless, it is a 
line of work worth exploring in Polar Regions (Wisz et al., 2013). This offers better 
conditions for the development of modelling tools including biotic factors (Wisz et al., 
2013). Furthermore, the species distribution modelling methodology can be expanded to 
other assemblages than benthic communities, such as phytoplankton and zooplankton. 
Although a high proportion of aquatic invaders to date have been benthic (Streftaris et al., 
2005), these other assemblages have also been documented to pose an invasion risk due to 
ballast water discharge (Casas-Monroy et al., 2015). Including these assemblages can 
contribute to a more complete understanding of the predicted distribution of potential 
introduced species. 
 A very interesting perspective to develop in the future would be the inclusion of 
spread in the ecological risk assessment. Spread is a component of the likelihood of 
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introduction in the risk characterization together with arrival, survival and establishment of 
NIS, and includes the spreading of species through original or secondary pathways 
(Mandrak et al., 2012). A high resolution model of oceanographic currents and an ice-
ocean modelling system for nearshore coastal areas of the Arctic where ports are located is 
needed in order to include the spread of a species. There are oceanographic models that 
could be used, but their horizontal resolution varies from 10 to 18 km: a) the Canadian East 
Coast Ocean Model (CECOM), available for the Baffin Bay region and for the Gulf of St. 
Lawrence (Tang et al., 2008), b) Nucleus for European Modelling of the Ocean (NEMO) 
available for the Arctic Ocean (Madec, 2008) and for the Hudson Complex model 
developed by Saucier et al. (2004). Nevertheless, the resolution needed to adequately 
include spread should be higher to decrease the possible error when modelling larval drift 
at the local scale of the port and surrounding regions (S. Senneville pers. comm.). Although 
the necessary information is currently not available at the resolution required for the use of 
high resolution model, spread should be a focus of future research.  
Another work perspective for a more comprehensive ecological risk assessment is the 
inclusion of future scenarios with global warming and increased shipping activity. As seen 
throughout the thesis, the Canadian Arctic is expected to suffer from an increase in 
shipping traffic due to global warming changes (Smith & Stephenson, 2013; Miller & Ruiz, 
2014). Different scenarios of expected ballast water discharge can be developed and used to 
compare with the current potential ecological risk. Not only could the increase in shipping 
and changes in climate be included in an ecological risk assessment for a future scenario, 
but changes in future ballast water treatments other than the exchange, such as the 
installation of UV systems on ships or chlorine treatments of ballast water, could also be 
considered. Since the year 2000, there has been an increasing interest in examining the 
efficacy of various treatment technologies, as reflected in the scientific literature (e.g., 
Bailey, 2015). The results of the different treatments can be used to generate alternative 
scenarios for their inclusion in ecological risk assessment studies. These will be important 
in early warning and identification of areas with higher ecological risk in the present and 
the future, helping in the planning of alternative management actions. 
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 Finally, the framework developed for NIS studies in remote areas constitutes a 
major work perspective and one of the most important contributions of this thesis. The 
framework further identifies components that may improve the process of the assessment 
(some of them have been presented above):  
 increase the sampling strategy in time and space,  
 include biotic interactions in the modelling,  
 include the sampling on the vectors for a more realistic estimation of propagules 
that are actually present in the ballast water of the ships discharging their waters in 
the ports of interest,  
 include secondary spread,  
 include hull fouling as a vector,  
 perform laboratory experiments or even design experiments using benthocosms in 
order to measure potential impacts on local communities under similar 
environmental conditions to that of the region of interest, etc.  
The framework is ideal for regions with scarce information. A potential place where 
the framework could be used is Greenland, one of the regions with high concentrations of 
Arctic fishing, domestic cargo and cruise ship traffic along its coast (Arctic-Council, 2009). 
Cruise ship traffic has been increasing so that the amount of passengers arriving each year 
is similar to half the population of Greenland (Arctic-Council, 2009). Even though these 
activities do not involve large amount of ballast water discharge, hull fouling could still be 
an important vector. On the other hand, Greenland has the potential to increase its resource 
exploitation due to their mineral deposits and this will require Arctic marine transport 
systems, increasing the potential amount of ballast water (Arctic-Council, 2009). Finally, 
there are few studies addressing the invasive species issue in the region (M. Sejr, pers. 




The data gathered from the baseline study, the prediction of new species 
introductions and their related ecological risk constitute major contributions to the scientific 
knowledge base. They provide information for environmental management and decision 
making. This thesis establishes a point of reference for the Canadian Arctic region with 
regards to the introduction on new benthic species in the environment through time (i.e. 
past, present and future). It is expected that the thesis will contribute to future monitoring 
efforts and aid in the development of methods for the early detection of new species in the 
area. Lastly, a major contribution of the present study is that research on NIS provides an 
invaluable collateral result in understanding the biology, ecosystem functioning and general 
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